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Abstract 
Surface terrain information is required to economically site new or relocate existing 
infrastructure facilities and make final design plans. Currently, ground surveying and 
photogrammetric mapping are the methods used by DOTs to acquire these data. Both 
methods are time and resource intensive since they require significant data collection and 
reduction to provide the level of detail necessary for facility location. The research presented 
here investigates a new method for collecting elevational data: LID AR (Light Detection and 
Ranging). A pilot area previously mapped by the Iowa Department of Transportation Office 
of Photogrammetry using photogrammetry was selected, and surface grids of varying 
resolutions were developed from photogrammetric and LIDAR data. These were compared 
to determine the elevational accuracy ofLIDAR. Additionally, the location processes of 
Iowa, Virginia and New Mexico are documented to determine how LIDAR data collection 
can be integrated into existing processes. The experiences of the Iowa DOT in the use of 
LIDAR are also presented. 
1 
Chapter 1: Introduction 
Highway location/relocation studies require surface terrain information to 
economically site new or relocate existing infrastructure facilities and make final design 
plans. Currently, ground surveying and photogrammetric mapping are the methods used by 
DOTs to acquire this data. These methods are time and resource intensive since they require 
significant data collection and reduction to provide the level of detail necessary for facility 
location. In addition, these methods are limited by environmental factors such as weather, 
sun angle, etc. Photogrammetric data collection is most constrained by these factors. 
Additionally, conventional surveying methods require that data collection be conducted 
entirely in the field, which may require that data collection personnel locate on or near 
heavily traveled roadways. 
Background 
A number of elements determine the final location of a highway including 
engineering (terrain, design, safety, etc.), cost, social aspects (land use, relocations, etc.), 
social/ecology (recreation and conservation), ecology (pollution), and aesthetics (scenic 
value) (1). Final alignment decisions take all of these factors into account to determine not 
only the cost and operational efficiency of the facility, but also to minimize negative impacts 
on nearby communities and their environment (2). 
One requirement for locating new or relocating existing transportation facilities is 
accurate, up-to-date surface terrain information. Ground surveys and/or photogrammetric 
mapping are necessary to obtain this information. Terrain information is utilized for two 
purposes: 1) to determine the best general route between termini; and 2) to find the optimum 
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combination of alignments, grades and other details of the selected route (3). Current 
procedures to obtain this information are time-consuming and, in some cases, potentially 
dangerous. In addition, the large amounts of data collected require further time for 
processing before any useful terrain information is obtained. The result is the passage of a 
significant amount oftime between project inception and final route selection, construction 
and completion. 
Route Location 
Before the design and construction of a highway can occur, a great deal of 
investigation is required to identify the best possible path for it to follow. The final route 
location selected reflects the costs incurred due to topography, relocations, crossings 
(highway, river and rail), environmental impacts, and other considerations (4). Because a 
number of variables affect the location of a route, data from various sources must be 
obtained. The gathering of such large amounts of data, especially that of terrain, is time 
consuming; therefore, any promising new or evolving data collection techniques could 
potentially serve to expedite the location process. 
In theory, route location consists of two major parts: reconnaissance studies and 
location studies (5). Reconnaissance studies search for multiple route locations while 
location studies select the best route. Within these two broad functions fall four phases, 
which include: 
• Office study of existing information, 
• Reconnaissance surveys, 
• Preliminary location surveys, 
• Final location surveys (6) 
3 
Terrain Data 
One of the key pieces of data for route location is terrain data. When siting new or 
relocating existing alignments, one goal is to minimize costs. By identifying the path of least 
resistance, costs can be minimized since the path would produce the easiest grade. The route 
which follows such a path will generally require less earthwork and fewer structures (e.g. 
bridges) producing cost savings during construction. However, to find this route, accurate, 
up-to-date information concerning terrain is required. The collection and production of these 
data can be time consuming, increasing the time required to complete a project. 
Terrain Data Collection 
The focus of this thesis is the methods used to collect terrain data. A thorough 
discussion of these methods will be presented in Chapter 2. An overview is provided here 
for reader familiarization. The primary methods used by state Departments of Transportation 
(DOTs) to collect elevational data include Electronic Distance Measurement (EDM) devices 
such as Total Stations, Real Time Kinematic Global Positioning Systems (RTK GPS), and 
photogrammetry. These are not the only means of collecting elevation data, as other 
methods, such as transits and autolevels do exist, but are not practical for the large-scale data 
collection required in highway planning and design. 
The problem with the three methods listed above is that they are very time intensive. 
In order to achieve the final result of elevational data, a great deal of work must be 
performed. In the cases ofEDM and RTK GPS, data collection must be performed on-site. 
This requires workers to go into the field and collect data at multiple locations. Numerous 
movements and setups of equipment are required, limiting the amount of data collected in a 
day. In some cases, property owners must be contacted and give permission for data to be 
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collected on their properties. These limitations often prohibit EDM and GPS methods from 
being used for data collection on large-scale projects, such as route locations, which cover 
many square miles. 
Photogrammetric methods eliminate the problems of equipment setup and movement, 
as well as property access issues that constrain the previous methods. Since all data 
collection is derived from aerial photography, equipment movement and setup are 
minimized, and trespassing issues are eliminated. However, this method is extremely time 
consuming, as extensive flight planning is necessary and trained personnel familiar with 
photogrammetry processes are required to perform the work of deriving elevations. The 
result is that a limited number of people are able to derive the necessary information, with the 
result being increased times for data availability and project completion. 
Traditionally, the imagery acquired to obtain photogrammetric data must be taken 
during leaf off conditions (no leaves on trees) with the ground free of snow. This eliminates 
any "clutter" which could potentially affect the final results of the work, particularly derived 
elevations. At the same time, the sun must be at a proper angle (above 30 degrees) with 
cloud free skies. This essentially limits the data collection window to about four hours a day 
(10:00 a.m. to 2:00 p.m.) year round. These requirements severely constrain the available 
window during which imagery can be acquired, especially in northern climates. The result is 
that a large number of projects requiring data collection have a limited time frame during 
which data collection can occur. 
New Collection Method: Light Detection and Ranging (LIDAR) 
Light Detection and Ranging (LIDAR) is an active remote sensing system that 
utilizes a laser beam as measurement medium. The system uses a laser beam to make 
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distance measurements to and from the surface of the earth from an aerial-based sensing 
platform (airplane of helicopter), from which elevations can be derived. A more in-depth 
explanation of the technology is provided in Chapter 2. 
Need for Research 
Clearly there is a need for an improved method of terrain data collection, since 
ground based data collection is prohibitive in terms of the time required to collect the data 
and imagery based methods (photogrammetry) are limited to optimal conditions such as leaf-
off. The ability to collect data in less than optimal conditions (leaf-on, vegetation) would 
greatly expand these data collection windows. Data collection utilizing LIDAR technology 
presents this opportunity. Unlike aerial photography, LIDAR data has the potential to be 
collected in less than optimal conditions. 
The main objective of this research was to evaluate the vertical accuracy ofLIDAR 
data collected under leaf-on conditions compared to photogrammetrically-derived data. 
Based on this performance, as well as a documentation of how the Iowa DOT and other state 
DOTs conduct the route location process, a proposed method of integrating LID AR into the 
highway location and design process will be made. A second objective of this research was 
to identify the terrain types in which LID AR performed well, as well as those areas where it 
did not. Finally, an examination of the advantages and disadvantages of using LIDAR data 
as opposed to photogrammetric data will be presented to illustrate how LIDAR compares 
with traditional photogrammetry in terms of time and costs. If the delivery times and costs of 
LID AR data collection are comparable to those of photogrammetry, it may be more cost 
effective for DOT's to utilize LIDAR data to compliment photogrammetric data in their 
projects. 
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Research Objectives and Scope of Work 
The focus of this research was to determine whether the accuracy of LID AR data is 
suitable for the needs of state DOT' s for highway planning and design. In order to make this 
determination, LIDAR data will be compared to photogrammetric data, which will serve as 
the "control". Additional comparisons will be made with independently collected GPS data, 
to validate both LIDAR and photogrammetry's accuracy. If LIDAR data proves to be 
accurate enough, it could serve as a supplemental form of data collection to photogrammetry 
in the preliminary stages of route location and design. 
A second objective of this research was to determine how LIDAR data collection can 
fit into the existing photogrammetric data collection process. In order to determine how 
LID AR can be integrated, documentation of existing location processes, as well as 
photogrammetric data collection procedures will be presented. 
To accomplish the objectives stated, the scope ofresearch included the following: 
• Identify current methodologies utilized by state DOTs for collecting terrain 
information and evaluate the advantages and disadvantages of each. 
• Document existing procedures of the Iowa DOT and additional DOTs for route 
location. 
• Document where the use of terrain data fits in the location process. 
• Document the Iowa DOTs experiences with LIDAR. 
• Determine the elevational accuracy ofLIDAR data collected on leaf-on conditions in 
various types of terrain. 
• Document which area(s) of terrain LIDAR performed well in. 
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• Establish a methodology for implementing LID AR data collection with 
photogrammetric data collection 
• Evaluate the advantages and disadvantages of using LID AR data collection (costs, 
time savings, etc.). 
Expected Benefits 
This research is expected to help transportation agencies determine ifLIDAR data 
collected under less than optimal conditions meets their accuracy needs by comparing the 
collected LID AR with photogrammetry and GPS. This research is also expected to 
determine how LIDAR data collection can be integrated with existing techniques, namely 
photogrammetry, for expediting the location and design processes. As LID AR data can be 
quickly collected and produced for large areas, such data collection could be used to define 
narrow corridors for which highly accurate photogrammetry data could be collected and 
produced. By limiting the area for which time and labor intensive photogrammetry data is 
produced, projects could be completed in a more timely manner, producing cost savings. 
Thesis Organization 
This thesis is organized into seven chapters. Chapter 1 introduces the reader to the 
need and objectives of the research. Chapter 2 provides a background ofremote sensing, 
terrain modeling, terrain data collection, and LIDAR. Chapter 3 documents the Iowa DOT, 
Virginia DOT and New Mexico State Highway and Transportation Department's route 
location processes. Documentation of the Iowa DOT's experiences with LIDAR data 
collection is found in Chapter 4. Accuracy evaluations and results are presented in Chapter 
5. Chapter 6 outlines a methodology for integrating LIDAR data collection with existing 
photogrammetric data collection. Chapter 7 includes a summary of the thesis, conclusions, 
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advantages and disadvantages ofLIDAR data collection, and recommendations. Appendix A 
details the specifications of the Iowa DOT's LIDAR data collection. Appendices B, C, and 
D detail the characteristics ofphotogrammetric, LIDAR and GPS data collection for the Iowa 
1 Corridor. 
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Chapter 2: Background 
Remote Sensing 
Remote sensing is defined as "the science of deriving information about an object 
from measurements made at a distance from the object without making actual contact" (7). 
Due to the absence of contact, remote sensing can be characterized as a non-intrusive form of 
data collection. Remote sensing platforms generally fall into three categories: 1 ), space 
based (satellite), 2) airplane based (aerial), and 3) in-situ (video/magnetic) (8). The sensors 
mounted on these platforms record the emitted, reflected and transmitted energy of the object 
being observed (9). 
The creation of imagery is the most common form of data acquisition in remote 
sensing (10). Such imagery can provide coverage of a broad area, allowing comprehensive 
data collection to be performed in a timely manner. However, factors such as sun angle and 
the time of the year during which the data were collected can impact the quality of the 
imagery produced. For example, to derive terrain information from imagery through 
photogrammetric processes, images must be collected with the sun at a specific angle and the 
ground free of clutter (snow-cover, dense foliage, etc.). Such requirements constrain the 
available timeframe in which remote sensing can be employed for data collection. Later 
sections will discuss an emerging form of remote sensing that does not face such strict 
limitations. 
Remote Sensing Platforms 
As stated previously, there are three types of remote sensing platforms: space based, 
airplane based, and in-situ. Space based remote sensing is conducted from satellite 
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platforms, with imagery being the most common output. Aerial based platforms may consist 
of high or low altitude airplanes and helicopters, which are used mainly to produce imagery 
that is used to produce additional products, such as terrain information. In-situ remote 
sensing platforms consist of non-intrusive, ground based, detection systems that are not 
attached to the object being detected (such as a video camera on a vehicle) or embedded in a 
material making contact with the object being detected (such as an inductive loop in the 
pavement) (8). Such sensors are used to produce imagery or detect presence and are utilized 
in a wide range of applications, both within transportation and in other fields. 
Remote Sensing Applications 
Fields currently utilizing remotely sensed data for various applications include 
Forestry, Geology, Coastal Studies, Oceanography, Meteorology, and Climatology, among 
others (11). Data has been used in assessing fire damage, mineral exploration, and weather 
forecasting, among other applications (9, 11). In many cases, remotely sensed data can be 
combined with other data (ex. roadway centerlines) to create a more thorough representation 
of the total environment. 
Advances in technology have aided in the growing number of applications for remote 
sensing in the field of transportation. Currently, aerial photography, video logging, and 
photologging are the most commonly used remote sensing techniques in transportation. 
Applications of remotely sensed data include route optimization, parking studies, and level of 
service studies (8). Remote sensing has also been used for planning purposes, intersection 
studies, traffic studies, and inventories. One of the primary uses of remotely sensed data in 
transportation has been in the production of terrain models through photogrammetric 
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mappmg. The primary use of terrain models in transportation is in highway location and 
design activities, which are discussed in the following section. 
Terrain Information 
The terrain which exists between termini in a study area is one of the many 
determinants of route location. Generally, terrain can be classified into three categories: 
level, rolling, and mountainous (12). Level terrain is normally characterized by long sight 
distances, as well as a lack of elevational changes. Such terrain requires little modification 
(e.g. earthwork), resulting in a more favorable route and lower construction costs. Rolling 
terrain occurs where natural slopes consistently rise above and fall below grade. When such 
terrain is encountered, the steeper slopes present some challenge to normal vertical 
alignments. Mountainous terrain is a condition where longitudinal and transverse changes in 
the elevation of the ground abruptly occur (12). This type of terrain requires extensive 
excavation work to be performed to obtain an acceptable route. The end result is a higher 
construction cost when compared to other terrain types. 
Of the above-mentioned terrain, level is the most desirable for route location. While 
rolling terrain might prove acceptable for a route, it may also have a negative effect on the 
operations of heavier vehicles, such as trucks. Mountainous terrain only compounds the 
problems encountered by such heavy vehicles. 
An additional design factor for routes is the amount of earthwork operations required, 
which can be extensive in areas with uneven terrain (6). Earthwork operations are 
construction processes that involve the movement of soil or earth to allow the building of the 
structure itself. Such operations can include borrow excavation, grading, and the 
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construction of drainage structures and embankments (2). To estimate the cost of 
construction, earthwork quantities must be accurately calculated. 
In nearly all projects, including those through level terrain, there is a need to cut or 
fill terrain to produce a favorable route. Such operations may require material to be 
borrowed or produce excess materials that may be waste. The movement of these borrows 
and wastes factor into the costs of construction in the form of free-haul and overhaul 
distances. Free-haul distance is a certain distance where the contractor is only paid for 
excavation, but not the movement of material, while overhaul distance is the distance past the 
agreed upon free-haul distance for which the contractor will be paid for the movement of 
material as well as excavation (13). 
Traditional Terrain Data Acquisition Methods 
Several traditional methods are used to collect terrain information necessary for route 
location. They include: 
• Conventional ground surveys using transits and theodolites, 
• Electronic Distance Measurement devices (EDM) such as Total Stations, 
• Global Positioning Systems (GPS), 
• Photogrammetry 
Most state DOTs use a combination of several methods for terrain data collection. These 
include EDM methods (Total Station), Real Time Kinematic GPS (RTK GPS) methods, and 
photogrammetry. Each of these methods has their own unique advantages and 
disadvantages, which will be examined in the following sections. 
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EDM (Total Station) 
Electronic Distance Measurement techniques, also referred to here as Total Station, 
first were introduced in the 1950's (4). Many different EDMs are available, but all operate in 
a similar fashion. A transmitter in the EDM transmits a light, laser or radio beam to a 
reflector that is held at a point at some distance from the device where measurement of a 
distance is desired. The reflector reflects the beam back to the transmitter and the difference 
in phase between the transmitted and reflected wave is measured electronically to determine 
the distance between the transmitter and the reflector (6). When electronic theodolites are 
interfaced with these devices, they become electronic tachometer instruments, or Total 
Stations. 
Total Stations are capable of measuring and recording horizontal and vertical angles 
as well as slope distances (4). The microprocessor contained in the Total Station unit is 
capable of determining a variety of information, including Cartesian coordinates (X, Y, Z) 
which define terrain. Some Total Stations are capable of computing elevations at remote 
points (4). 
Total Stations are particularly useful in many types of surveys, including preliminary 
control and layout. Kavanagh states that a large number of points - 700 to 1000 per day -
can be collected using such a Total Station (4, 14). As a result, use of such instruments for 
smaller project areas can be competitive in cost to aerial surveys (photogrammetry) (4). 
EDM Advantages and Disadvantages 
The advantage of using a Total Station for data collection is that data are recorded 
electronically in the field and can be downloaded to a computer upon return to the office. 
This eliminates the waiting period for elevation data to be supplied, as is the case with 
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photogrammetry. With elevation data readily available, project-related work can begin 
immediately, potentially resulting in a faster turnaround time. In addition, the presence of 
personnel in the field allows notes to be taken on features which might not be observable 
through any other means than direct contact. Such notes can prove to be invaluable in 
clearing up problems associated with the field survey. 
The main disadvantage is that although some units are capable of collecting data over 
long distances, the Total Station must be frequently moved from one point to another and 
setting it up once again can become cumbersome, labor intensive, and time consuming. The 
time to move and setup the units can severely restrict the applicability of Total Stations to 
large-scale data collection. Even if 700 to 1000 points can be gathered per day, this type of 
data collection becomes impractical with projects that cover large amounts of area, and at 
some point photogrammetry becomes a more efficient collection method. Given that the size 
of prospective bypass corridors can be many square miles, their large extent precludes the 
use of Total Stations for the widespread data collection necessary to obtain terrain 
information. Instead, Total Stations are more applicable for smaller sites where additional, 
specific data collection might be required. 
Real Time Kinematic (GPS) 
The second method of elevation data collection utilized by DOTs are Real Time 
Kinematic Global Positioning System {RTK GPS) surveys. With this method, elevation and 
coordinate data are collected using GPS receivers. Before kinematic GPS can be explained, 
an overview of how the overall GPS system works is necessary. 
To derive locational information, a GPS measures the time it takes a radio signal from 
a constellation of satellites to reach a specific point on the surface of the earth. At least three 
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satellites that are within the "sight" of a GPS receiver are used to range the location down to 
two points in space (15). Computers within the GPS receiver utilize techniques to rule out 
one point as an impossible locational position. With only three measurements, the possibility 
exists that timing errors can create an incorrect position location. To ensure positional 
accuracy, a fourth satellite measurement is required to eliminate any timing offsets which 
might have occurred. If there is a timing difference, the forth satellite measurement will not 
intersect with the previous three. This informs the GPS receiver that there is a timing 
difference, which must be compensated for. To correct the problem, the computer adds or 
subtracts time until all the ranges of satellites pass through one point. 
Additional methods exist to obtain and refine precise locational data by GPS. Such 
methods include differential and kinematic correction. 
Differential GPS 
Differential GPS employs a base station to correct measurements made at another 
survey location (14). The base station is placed at a known location and acts as a static 
reference point for roving receivers. Error correction messages are transmitted to receivers in 
the area, allowing them to correct their positions. This correction allows differential GPS to 
have accuracies of greater than one meter. 
Kinematic GPS 
Kinematic GPS uses a static base station while receivers make measurements at other 
locations. All receivers track the same satellites, often four or more at a time. Unlike the 
differential method, which uses coordinate correction, the kinematic method uses carrier 
phase observations processed (corrected) in real-time to determine intersecting vectors 
(hence the name real time kinematic) (16). Phase data is transmitted from the base to roving 
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receivers which process the information in real-time to produce an accurate position relative 
to the reference station. All of this produces measurements with accuracies of within 
centimeters or even millimeters (14). This high level of accuracy is what makes kinematic 
GPS so attractive for obtaining elevational data. The only limitation to this method is that 
receivers often must be within 10 kilometers of the base station due to its limited radio 
transmission strength. 
RTK Advantages and Disadvantages 
There are several advantages to the use of kinematic GPS surveys for obtaining 
elevation data. Such methods are good for collecting data in open areas with clutter, such as 
buildings and trees. When several roving stations are used, large amounts of data can be 
collected in a short timeframe. Data for a specific location (utilities, culverts, etc.) can be 
collected in a more timely and efficient manner than comparable methods (specifically 
photogrammetry). Additionally, a high level of spatial accuracy can be achieved due to 
centimeter and/or millimeter measurements. 
Kinematic GPS also has several disadvantages. Data are collected in the field so the 
same disadvantages as EDM apply for RTK GPS. Most notably, the method is manual and 
requires that equipment be located and moved around in the field. As a result GPS may also 
be too time consuming for large projects. Workers may be located in close proximity to 
existing transportation facilities, which can be hazardous to workers and distracting to 
motorists. Permission to collect data on private property may also be necessary. Finally, as 
kinematic GPS is a sophisticated process, the equipment utilized to achieve such high 
accuracies can be quite costly. 
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Errors inherent in GPS are also disadvantages to this method of data collection. 
Ionospheric and atmospheric delays occurring when radio signals to and from the satellite are 
delayed by bands of charged particles, create a source of concern in the use of GPS for data 
collection (15). Such delays can cause distance calculations to be miscalculated, resulting in 
incorrect positional information. Finally, the presence of clutter, such as buildings and trees, 
can affect data collection. Such clutter blocks the line of sight required to receive signals 
from satellites. With a limited number of satellites contributing to positional calculations, 
questionable results may be produced. 
Photogrammetry 
The most common method utilized by DOTs for obtaining elevation data is 
photogrammetry. More specifically, most DOTs now utilize softcopy (digital) 
photogrammetry. Photogrammetry is defined as the art and science of acquisition, 
measurement, interpretation and evaluation of photographs, imageries and other remotely 
sensed data (17). It is most useful in performing measurements of horizontal distances and 
elevations. Before any end products are produced by traditional photogrammetry, seven 
distinct processes must occur. These include establishment of ground control, imagery 
acquisition, image orientation, aero-triangulation, DTMIDEM generation, orthophoto 
production, and data collection (14). 
The acquisition of imagery required for photogrammetric processes is affected by 
many technical factors which are beyond the scope of this text. These include ground 
control, the camera system employed, the scale of the image, the desired overlap of images, 
the flying height during acquisition, and relief displacement, among others. Photogrammetry 
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is also affected by factors such as foliage conditions (leaf-off), sun angle, cloud cover and 
ground clutter (snow). 
Softcopy Photogrammetry 
In softcopy (digital) photogrammetry, digital raster images are utilized (rather than 
hardcopy aerial photos) to perform photogrammetric work (14). Instead of producing hard 
copy aerial photos, imagery taken during a flight is processed through high-resolution 
scanners to produce digital images. These digital images can then be viewed on a computer 
monitor in three dimensions as a stereopair using stereo glasses (14). The digital nature of 
the data allows terrain mapping to be accomplished in an efficient manner through 
automation that is not possible with traditional photogrammetry. 
Photogrammetry Advantages and Disadvantages 
One advantage to utilizing photogrammetry to produce terrain information is that it 
allows a wide area to be mapped, allowing greater flexibility in route location (3). The larger 
coverage of area lessens the likelihood that a more suitable location for a route is overlooked. 
Also, photogrammetry eliminates the need to contact property owners for permission, except 
for collection of ground control points. With photogrammetry larger areas can be surveyed 
far more quickly and efficiently than by using traditional survey methods. Savings are 
derived partly as a result of reduced field work. Finally, the aerial photographs collected for 
photogrammetry provide a visual record of area that is not possible by the other means. The 
images can be referred back to without having to make additional trips into the field, and can 
be used for purposes not related to location activities. 
However, photogrammetry does have disadvantages. One of the greatest 
disadvantages of photogrammetry is that the aerial imagery required for the process can only 
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be collected under certain conditions (leaf-off, 30° sun angle, no cloud cover, etc.). This 
limits the available acquisition window during which a data collection flight can occur to 
spring or fall in many areas. The initial cost of collecting aerial photographs is prohibitive 
for small projects. Typically a large area for data collection is necessary, between 30 and 
100 acres depending on the project, before photogrammetry is competitive with other data 
collection methods (6). Finally, areas that contain deep canyons or tall buildings, uniform 
surface shades (deserts) or thick forest all can limit the success of data acquisition by 
obstructing a clear view of the ground (6). 
Digital Terrain Models (DTMs) 
Regardless of the collection method used to obtain it, elevational data must be in a 
workable format in order to be useful in route location and selection. Since terrain is a 
continuous surface with varying qualities (e.g. elevations), modeling it results in an 
enormous amount of data that requires processing. In highway location and design 
applications, Digital Terrain Models (DTM) are utilized to reproduce the earth's surface in a 
computing environment. A DTM is a numerical representation of the ground surface within 
a route corridor consisting of stored XYZ coordinates for a large number of gridded points, 
along with breaklines and masspoints. This forms a "model" of the ground surface through 
which trial alignments may be passed and studied (3). The XYZ coordinates consist of 
horizontal positions (the X and Y values) as well as elevations for those positions (the Z 
value). 
One of the primary methods for viewing a DTM as a surface is by a Triangulated 
Irregular Network (TIN). A TIN is the basic structure for representing surfaces in a 
computer. TINs allow recorded topographic points on a regular or irregular grid to be 
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converted into a three-dimensional view when necessary (18) . A TIN is created through an 
interpolation between the various data points that were collected within a project limit. The 
benefit of a TIN is that the interpolation process reduces the actual number of points required 
for collection through data acquisition. The TIN fills in the data where gaps exist due to 
limited field data collection. 
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Figure 2.1: Creation of TIN from point data 
Source: http://www.jamo.demon.nl/ gavh.htm 
Figure 2.2: Surface file representing an interchange generated by TIN 
Digital Elevation Models (DEMs) 
A digital elevation model is defined as a digital model of landform data represented 
as point elevation values (18). DEMs are arranged in a square grid or hexagonal pattern over 
the terrain and are created by photogrammetric or cartographic methods, rather than field 
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survey (19). In DEMs, the measurement of height above a datum and the absolute altitude or 
elevation of the points contained in the model is emphasized (19). Unlike a DTM, DEMs 
only include the gridded points for an area, but not breaklines or masspoints (14). 
With a complete DEM, designers can use computer programs to study numerous 
preliminary route alignments. Such programs mathematically pass the desired route through 
the terrain model and compute existing cross sections, proposed cross sections, and 
earthwork quantities (3). These are not the only factors that determine final route location, 
but they do greatly assist in its selection. The results of computer modeling procedures can 
be used to efficiently evaluate construction requirements of a new highway design and 
determine the optimum path between termini (19). DEM's are also utilized to compute 
solutions to design issues such as material quantities and hydraulics (20). 
New Data Acquisition Technology: LIDAR 
Previous sections outlined the techniques currently utilized to acquire terrain data. 
The most significant disadvantage of all of the current data collection methods is that a 
significant amount of time is either required in the field to collect (conventional surveying 
and GPS) or to reduce the data in the office (photogrammetry). However, an emerging 
remote sensing technology, LIDAR, has shown promise for collecting terrain information 
more rapidly than the existing data collection techniques. The following sections define what 
LID AR is, how it works, disadvantages, its current applications in a variety of fields, and its 
current applications specifically in transportation. 
LID AR Defined 
The acronym LIDAR stands for Light Detection And Ranging. LIDAR is an active 
remote sensing system that utilizes a laser beam as the sensing carrier (21). Such laser 
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scanners measure three-dimensional points that are distributed over the terrain surface and on 
objects rising from the ground (22). In short, the laser beam makes distance measurements to 
and from the surface of the earth from the sensing platform, from which elevations can be 
derived. 
Experimental research work with LIDAR had been performed by researchers at the 
U.S. Department of Defense and NASA for a number of years; however the size, weight and 
power requirements of early LID AR systems required them to be operated from large, four 
engine aircraft (23). This made the widespread use ofLIDAR difficult and expensive. With 
recent advances, LID AR systems have reduced size, weight, and power requirements, while 
the accuracy of essential GPS systems has improved. Furthermore, advances in computer 
memory and processing speeds now allow the vast quantities of data collected by LID AR to 
be stored and processed more quickly and efficiently. 
Description of Technology 
The manner in which LID AR works is fairly straightforward. A platform (usually an 
airplane) has a laser ranging system mounted onboard, along with other equipment including 
a precision GPS receiver and accurate Inertial Navigation System (INS) to orient the 
platform (24). The platform is flown over the area in which data are to be collected while 
scanned by the laser. The lasers utilized in this process typically emit thousands of pulses 
(up to 25,000) per second while in use. The travel time of these pulses is timed and recorded 
between the platform, the ground, and the platform once again (round trip), along with the 
position and orientation of the platform to determine range (distance) (23). Figure 2.3 
illustrates the process for data collection. 
23 
LASER-SCANNING 
Figure 2.3: LID AR Data Collection 
(Image source: http://www.sbgmaps.com/lidar _technologies.htm) 
Distance is calculated using the measured variable, travel time, and the known 
constant for the velocity of light. Onboard GPS measurements are collected and then 
combined with the measurements made by the INS and used to adjust the distance 
measurement for each pulse, allowing calculation of corrected surface coordinates {X, Y, Z). 
Further data processing can extract measurements of the bare ground (removal of vegetation, 
buildings, etc.), allowing creation of digital elevation models or surface terrain models. 
Digital aerial photography can also be collected at the same time as LIDAR data, providing 
an additional layer of data. 
The processing of data collected during a LID AR flight involves a series of steps. 
The first step is the computation of points along the trajectory of the aircraft (done in-flight) 
(25) . Next, coordinate transformations and interpolation are performed to determine the 
position and orientation of the sensor head at the precise time of each laser pulse (25) . From 
this task, laser scanner angle and range values are used to compute vectors from the sensor to 
the reflective surface for each measurement, which are then combined with sensor head 
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position and orientation values to obtain the coordinates of the surface points (25). These 
coordinates furnish the XYZ data. Depending on the desired final product, additional 
processing may be performed to filter out unwanted items such as vegetation and buildings. 
The characteristics of flights performed to collect LID AR data vary depending on the 
project. Even the platform itself can vary from case to case; some laser scanners are 
mounted to helicopter platforms (when a denser amount of data are required to produce 
highly detailed surfaces), while other scanners are mounted to airplane platforms (when less 
dense amounts of data are required). The determination of what platform will be used for 
collecting laser data often depends upon the project itself, as well as the capabilities of the 
organization chosen to perform the collection. 
One of the primary uses of LID AR data is in the creation of surface models of the 
earth's surface. Traditional methods for producing such models (photogrammetry, field 
survey) are very time consuming and therefore costly, especially in areas with dense 
vegetation, and often additional measurements are later required (26). Through the use of 
filtering techniques, vegetation can be removed from LIDAR data, producing suitable results 
even in areas with dense foliage. One study found that the accuracy ofLIDAR derived 
models was equal or better to those produced by traditional photogrammetry (26). 
LID AR Errors 
Being a relatively new technology, LID AR is not without problems. Research 
conducted by Huising and Piereira classified LID AR errors into broad groups including laser, 
GPS/INS, and filtering induced, as well as errors caused by other problems (27). Laser 
induced errors stem from changes in height for the points on the terrain surface at a narrow 
angle (ridges and ditches), and grain noise, which makes a smooth surface (beaches) appear 
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rough (27). GPS/INS errors stem from equipment initialization errors and variances in the 
measurements taken by the instruments (27). Filtering errors stem from the incomplete 
and/or unnecessary removal of features, which may or may not be desired in the final dataset 
(vegetation, buildings, rock outcroppings). Other causes of error can stem from incomplete 
coverage of the survey area from improper flying and water bodies reflecting beams instead 
of absorbing them, producing a false reading (27). 
LIDAR Applications 
LID AR has been used in a number of fields including geography, archeology, forestry 
and oceanography, among others. The following sections review literature written on some 
of the various applications ofLIDAR data in these fields which have results that have 
findings significant to transportation applications. 
Non-Transportation Applications ofLIDAR 
Location of Sinkholes 
Sinkholes pose a serious threat to structures. Early detection of sinkholes can result 
in a significant cost savings in the construction and maintenance of structures while reducing 
the potential for loss oflife from such events (25). However, sinkholes are difficult to detect 
until surface depressions are well defined. Coverage by dense vegetation often furthers the 
difficulty in detecting such areas through photogrammetry. The ability ofLIDAR to pass 
through tree canopies increases the chances of obtaining surface measurements. Filtering 
algorithms allow these penetration points to be identified and extracted for building bare 
earth models. Such models could reveal subtle signs of possible sinkholes beginning to form. 
26 
Archeological Site Mapping 
Wolf, Eadie and Kyzer performed a comparison of data collected with LIDAR to 
photogrammetrically derived data for a control site. For the comparison work, the 
photogrammetry and LIDAR datasets were used to construct triangular irregular network 
(TIN) terrain models (28). Elevations were interpolated from the LID AR model at the 
horizontal position of supplemental (non-breakline) photogrammetry data points. From this 
work, the differences between LIDAR and photogrammetry elevations were calculated, with 
differences of three times or greater the expected LID AR accuracy being rejected as outliers. 
Outlier areas were often located at the bottom of the riverbed, where change had occurred. 
The results showed that photogrammetry data was higher than that of LID AR nearly 
everywhere (28). This difference was attributed to bias introduced through the use of 
different control stations for the two collection methodologies. The average difference of 
these elevations was 0.20 meters, with a root mean square discrepancy of0.22 meters. 
Forest Stand Characteristics 
Forest inventories include information on stand structure (size) and take considerable 
time to measure. Millions of acres of forest to document pose a significant challenge for data 
collectors. Previous studies had shown that LIDAR could provide good estimates of stand 
features, but these were performed using NASA data, which was not commercially available 
(29). The millions of pulse returns collected for this research imaged trees and stands in 
three dimensions, creating the opportunity to calculate the volume and height of trees. The 
lowest LID AR return inside a 10-meter by 10-meter grid cell was used as the ground 
elevation for that cell. Stepwise regression analysis showed that tree heights were predicted 
fairly accurately (r2 = 0.93). 
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Extraction of Urban Features 
Knowledge of the elevation of ground surfaces, as well as building dimensions, are 
useful in finding potential flood areas and identifying what buildings would be affected by 
floods (30). To derive such information, digital surface models and digital terrain models are 
utilized. Digital terrain models represent the terrain surface, while digital surface models go 
one step further, containing buildings and other objects that are higher than their 
surroundings (22). The research examined the use ofLIDAR data in identifying above-
surface features by subtracting all surfaces lower than the identified above surface features. 
The results of this research showed that LIDAR data is useful in extracting surface 
information, however, further research is necessary on the extraction of discrete features and 
land use change. 
Flood Plain Mapping 
Pereira and Wicherson assessed the feasibility of extracting geographic information 
from laser data for river management (31). Research was performed to assess the quality of 
the data that was derived and to also semi-automatically detect breaklines (31). It was found 
that the breakline extraction procedure produced more breaklines than had been previously 
identified through photogrammetric mapping. However, the semi-automatic process 
producing breaklines required additional manual editing to delete small line segments, as 
well as to join other segments together (31). The accuracy assessment performed by the 
researchers found that LIDAR produced an RMSE of 14 cm in flat areas, paved areas, low 
grass, and sloping areas. 
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Beach Management 
Researchers in North Carolina used LIDAR-derived data to assess hurricane-induced 
impacts on coastlines. Data were gathered during 1997 and 1998, before and after hurricanes 
had passed through the study region. The high density of point data allowed a large number 
of elevation measurements to be collected for accuracy assessment (32). More specifically, it 
allowed researchers to calculate the volumetric change and areas of gain and loss between 
survey years. To this end, LIDAR allowed volume calculations to be obtained at an accuracy 
unavailable using traditional beach profiling survey methods (32). 
LID AR for Transportation Applications 
Although LID AR is fairly common in other fields, it has been applied to only a 
limited number of applications in transportation. This may be attributed to the relative 
newness of the technology, institutional reluctance of utilizing new techniques, or a host of 
other factors. Applications that have tested the technology have yielded mixed results. The 
following sections examine these applications, their limitations, and their relevance to the 
research presented here. 
Infrastructure Inventory and Assessment 
Al-Turk and Uddin examined the combination of a LID AR derived DTM and digital 
imagery for digital mapping of transportation infrastructure projects. The authors state that 
such applications include asset management, right-of-way alignment, terrain modeling, and 
other transportation applications (33). The application ofremotely sensed digital data (both 
LID AR and imagery) would accelerate data collection and processing efforts which are 
essential for full and timely implementation of GIS-based infrastructure asset management 
systems (33). In addition, these data could be loaded into terrain mapping or computer-aided 
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design software, allowing further applications to be developed. The horizontal accuracy of 
the laser data was calculated to be 1 meter (3 feet) and the vertical accuracy was better than 7 
centimeters (2.75 inches). 
In a similar application, Pottle discusses the combination ofLIDAR and video 
imagery to asset management for the capture of terrain and asset position information along 
busy rail corridors (34). The data were used to locate features such as mileposts, track 
centerlines, road crossings, switches, bridges, electrification, and culverts for mapping 
purposes and DTM development (34). The data have allowed engineers to analyze drainage 
conditions, measure distances between rails and clearances between overhead power lines, 
and model areas along the surveyed corridor (34). 
Highway Mapping 
Research conducted at the University of Florida explored the capabilities ofLIDAR 
in highway mapping. A thirteen-mile test flight over Interstate Highway 1-10 in Leon 
County, Florida was flown (23). Ground returns were processed to produce shaded relief 
maps, among other products. Roadway details revealed included an overpass, the directional 
lanes of the divided highway, the median divider, drainage ditches, and trees. In the un-
edited data, it was also possible to identify vehicles on the roadway. The horizontal 
resolution and positioning of the points were at the few centimeter level, so if profiles were 
taken along and across the highway, the grade and crown of the Interstate, along with the 
height of the overpass could be determined. 
Additional research examined the accuracy of elevation measurements derived from 
laser data. This examination involved a comparison of heights derived from laser mapping 
and low altitude (helicopter based) photogrammetry data collected in November of 1997. 
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Laser data was collected along a 50-kilometer (31 mile) corridor consisting of State Road 
200 and Interstate Highway I-95 (24). The elevations produced by laser data were found to 
be accurate to within± 5-10 centimeters(± 2-4 inches) (24). The mean differences between 
photogrammetric and laser data were 2.1to6.9 cm (.82 to 2.71 inches) with a standard 
deviation of6 to 8 cm (2.36 to 3.15 inches) (24). 
Route Location Applications 
The focus of this research is upon the application ofLIDAR derived terrain data in 
highway planning and design functions. The following sections summarize research which 
has been performed specifically on the application of LID AR data products in the area of 
route location and design. 
Railroad Lead-Track Route Location 
Cowen, et.al., examined the inclusion ofLIDAR data into an econometric model to 
determine the least cost path for a new railroad spur. A traditional field survey was also 
performed to assist in evaluating the accuracy of the LIDAR data (35). The data were 
examined to find the relationship between canopy closure, LID AR canopy penetration and 
scan angle (36). The research concluded that LIDAR appears to be a useful method to obtain 
XYZ data, even during growing seasons, although completely closed canopies in forested 
areas led to lower DEM accuracies (35). Where canopy closures were 30 to 40 percent, 
LID AR pulses reached the ground 80 to 90 percent of the time (35). However, in areas 
where canopy cover was 80 to 90 percent closed, only 10 to 40 percent of LID AR pulses 
reached the ground (35). 
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Road Planning and Design 
Investigations into the application ofLIDAR-derived DTMs have been conducted in 
both The Netherlands and Canada to determine their suitability in highway planning and 
design (37, 38, 39). The traditional mapping method being used by the agencies involved 
was photogrammetry, supplemented by ground surveys. The research conducted in these 
cases examined the use ofLIDAR as a means to speed up data collection and surface 
mapping. In each case, the accuracy of the data was examined to determine if it compared to 
the accuracies of data currently derived by photogrammetric means. 
Research conducted in The Netherlands examined not only the applicability of laser 
data in highway planning and design, but also what additional information (both semantic 
and geometric) could be extracted (3 7). This work was comprised of the detection, 
identification, modeling, measuring and labeling of such information (37). The extraction 
research performed by the researchers focused extensively on the identification of breaklines, 
an important component in the planning and design process. 
To assess the accuracy of the data, three additional sets of reference measurements 
were collected: two tachymetric (ground survey) datasets and one photogrammetrically 
derived dataset (derived from imagery collected in March, 1996) (37). For existing planning 
and design applications, a height accuracy of25 centimeters (9.85 inches) was required, with 
7 .5 centimeter (3 inch) accuracy required for hard surfaces such as roads (3 7). Assessment 
of the laser data found that its height (Z) accuracy was 29 centimeters (11.4 inches) RMSE. 
The accuracies obtained from tachymetry and photogrammetry (in soil with low grass) were 
16 centimeters (6.3 inches) and 15 centimeters (5.9 inches), respectively. Laser data 
provided similar accuracies in like areas; however, the RMSE of the laser data was affected 
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by high inaccuracies in areas containing feature such as ditches and slopes. With 
improvements in LID AR technology since this study was conducted, there is a need to 
determine if the elevational accuracy in these areas has improved. 
The Ministry of Transportation Ontario (MTO), in Canada, conducted further 
research into the application ofLIDAR data in the highway planning and design process. 
The focus of this research was to determine ifLIDAR data compared to data derived from 
photogrammetric mapping techniques, and whether it would perform better than 
photogrammetry when leaves and ground vegetation were present (39). In order to make this 
determination, an examination of the horizontal and vertical accuracies ofLIDAR was 
performed to see if they met the MTO specifications of 15 centimeters (5.9 inches) for hard 
surfaces and 20 centimeters (7.87 inches) for soft surfaces (39). To perform this analysis, 
data was collected during the summer under leaf-on conditions. 
Analysis revealed that LIDAR data had an accuracy of 15 centimeters or better on 
hard surfaces, such as pavement (38). The accuracies on other surfaces were variable up to 
0.5 meters, while low vegetation, rock, and ditches led to discrepancies of over 1-meter in 
some cases (39). Under forested canopy, the accuracy ofLIDAR data ranged from 0.3 
meters to 1 meter (38, 39). LIDAR data were compared to MTO audit (ground surveyed) 
data, and no direct comparison was made to photogrammetric data produced under leaf-off 
conditions. 
The MTO project uncovered many issues pertaining to the use of LID AR data in 
highway planning and design. Most notably, difficulties were encountered with the ability of 
LIDAR to hit and define narrow features, such as ditches (39). The identification of such 
features is critical in the definition ofbreaklines. The researchers also found that LIDAR 
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was unable to penetrate low ground vegetation (38). Comparisons to MTO audits reveled a 
number of discrepancies of up to 0.5 meters in areas covered with tall grass (39). Another 
point of concern was caused by rock cuts. During the classification process, such features 
were assumed to be buildings by the software and automatically extracted (39). Since rock 
features are an important factor in determining highway construction costs, they must be 
properly identified (38). 
Conclusion 
The preceding section presented literature which examined the applications of 
LIDAR data in transportation. From this literature, it can be concluded that LID AR data 
would be most useful in the mapping of transportation facilities and features. The research 
conducted in The Netherlands and Canada suggests that LIDAR data can be utilized in the 
planning and design of highways. These projects did encounter limitations however, and 
further research is required to address them. With increases in the scanning rates (kHz) of 
LIDAR lasers, new research must be conducted to determine if past limitations can be 
overcome through the application of more advanced technology. That determination is one 
of the objectives of this thesis. 
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Chapter 3: State DOT Location Processes 
Introduction 
To better understand how remote sensing is used in highway location and design, 
documentation of the location process for several states was evaluated and is presented here. 
The location process of the Iowa DOT is first presented, along with a detailed description of 
how alignment alternatives are created. Documentation of the location process as it is 
conducted in Virginia and New Mexico is presented as well. The chapter concludes by 
briefly discussing the uses of remotely sensed data in the location process, as well as what 
Iowa DOT designers believe the benefits, as well as concerns of using LID AR data might be. 
Iowa Location Process 
The purpose of the location process in Iowa is to develop alternatives that are the 
most feasible from an engineering, environmental and financial standpoint. Finding the best 
alignment within these constraints allows a project to be completed in a shorter timeframe 
than if projects are delayed due to concerns that are raised and have to be addressed. This 
timeframe for completion may be reduced from a maximum of 11 years to as few as 6 years, 
depending on the project (40). The following sections outline and provide a basic overview 
of the steps of the location process as it is performed by the Iowa DOT. Additional sections 
specifically examine the development of individual alignments for a project. An outline of 
the entire process is presented in Figure 3.1. 
Receipt of Project Assignment 
Potential projects are examined by decision makers and ranked in order to assign a 
priority to them. This ranking defines which projects are priorities and allows efforts to be 
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focused on those which are likely to be funded. Projects that are authorized are programmed 
into the five-year program. 
Project Management Team 
A Project Management Team (PMT) is created for any size project which is expected 
to require an environmental document (40). Major change projects involve the construction 
of a new alignment or realignment along a major portion of an existing highway. Minor 
projects generally use existing locations, and usually involve the addition oflanes to a 
highway. 
The PMT provides guidance and continuity to a project as it passes through all 
phases, from planning, to design to construction. The main responsibilities of the team are to 
set and maintain an on-time and on-budget project, as well as to identify and schedule 
necessary project resources. The PMT is coordinated by District staff and is lead by the 
District Engineer. It is the responsibility of the engineer to create the PMT by selecting 
personnel from Corridor Development, Design, Environmental Services, Right of Way and 
the Federal Highway Administration. Any additional expertise required from other offices 
may be sought as deemed necessary. 
Project Scope 
In a broad sense, the Transportation Commission defines the scope of a project in its 
five-year plans. This includes the determination of what type of facility the end result will be 
(2 lane, 4 lane, etc.) as well as its access control priority. However, more project-specific 
guidance is provided by the PMT. 
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Receipt of Project 
Assignment 
Project Management 
Team Creation 
Project Scope Definition 
Develop Preliminary 
Routes 
Develop Route Alignments 
• Constraint Mapping 
• Creation of Alternative Alignments 
• Selection of Feasible Alignments 
• Gather Project/Engineering lnformatio] 
• Public Information Meeting 
• Environmental Data Collection 
Develop Alternatives 
Public Involvement 
Prepare Environmental 
Impact Statement 
Formal Public Hearing 
Commission Approval 
Figure 3.1: Flowchart oflowa highway location process 
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Development of Preliminary Route 
This phase defines project corridors and location alternatives that meet the purpose 
and needs of the project. All areas where viable corridors or potential alignments may be 
located are identified during this step. Such areas must be identified in enough detail for use 
in ordering aerial photography and Digital Terrain Models (DTM). Preliminary horizontal 
and vertical alignments, as well as access control scenarios are developed in this phase using 
existing aerial photography and quad maps. Environmental reviews for the identified 
corridors are also initiated in this phase. 
Development of Route Alignments 
A number of data elements are utilized when developing alternative alignments 
including terrain, engineering, property and environmental information. All of this 
information is used to determine multiple alignment alternatives for consideration by 
decision makers. Of particular importance to this research is the use of terrain data in the 
location process. 
As a general rule, the Iowa DOT attempts to produce alignments that pass three 
"filters" of criteria: engineering, environmental and financial ( 41). In an engineering context, 
an alignment must be constructible; there must be no formidable obstacles to its construction. 
Environmentally, the project must not have a significant negative impact on the natural 
environment. An alignment should seek to avoid or minimize disruption to environmentally 
sensitive areas. Financially, a project must be feasible. While a project may be constructible 
and pass environmental evaluation, if it is too costly to build, it is not a viable alternative. 
When an alignment meets the criteria of these three filter areas, it is considered a buildable 
alternative. 
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Constraint Mapping 
Preliminary, existing data pertaining to the project area are gathered to determine 
locations which may be suitable for locating alignments. Such data include as-built plans, 
existing aerial photography, and topographic maps. These data are developed into constraint 
maps, which display areas that may be more or less suitable for locating alignment 
alternatives. Additional information is gathered from "windshield" surveys. These surveys 
are essentially trips into the field where a party passes through the general project area to 
gain a feeling for what is currently present. It provides designers with information which 
might not otherwise be obtained from other data sources. 
The importance of this step is that it allows the corridors(s) of study to be narrowed 
down. This gives designers a better idea of what areas within the project limits to gather 
further information, namely aerial photography and DTMs. By reducing the extent of the 
area for which data must be gathered, data can be collected and processed more quickly and 
at a lower cost. 
Creation of Alternative Alignments 
When planning new alignments, designers examine existing conditions and 
alignments to determine how much, if any of these can be saved and incorporated into an 
alignment alternative(s). It is cost feasible to utilize portions of existing facilities wherever 
possible. Financial savings are derived from reduced engineering requirements for both 
planning and design, property acquisition and construction costs. 
As mentioned previously, an alignment must pass three filter areas: engineering, 
environmental and financial. If there are significant issues in one of the areas, especially 
engineering, that alignment may not be pursued. The engineering and environmental aspects 
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of alignment location are dictated, in part, by terrain. However, when initially laying out 
alignment alternatives, terrain elevation is not considered by designers due to the relative 
flatness of the state. Of primary importance to the Iowa DOT in the location of alignment 
alternatives is the minimization of disruption, namely to private property. Essentially, the 
designer begins developing alternatives by laying out tangents, which avoid passing through 
the middle of areas such as farm fields ( 41). When laying out an alignment, a designer seeks 
to straddle property lines rather than passing through a property, essentially dividing it in 
two. This creates less conflict with property owners and can reduce problems during Right 
of Way acquisition 
Public input is also sought and considered when examining areas through which 
alignments may be located. This input allows designers to understand property owner's 
concerns. It also allows the opportunity for disputes to be settled during the early stages of 
development. 
Another area considered by designers is accessibility. This refers to the access to 
existing properties from the new alignment. Properties must remain accessible to owners, 
but at the same time, access from the new facility is often controlled to some extent. Most 
often, for a specific project, access point locations (e.g. driveways) are to be spaced a 
specified distance apart. This creates a challenge for designers in that they must lay out 
alignments which conform to these predetermined access location requirements. 
The maintenance and operation of a facility after its construction are other another 
concern of designers. An alignment which will be more costly to maintain is not as attractive 
of an alternative as one which has minimal maintenance costs. Additionally, alignments that 
pass through rugged terrain can have negative operational effects (e.g. increased travel time 
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and fuel consumption). These are cases where terrain bears consideration; alignments 
through more rugged terrain require more extensive maintenance and are more difficult to 
operate vehicles through than those which traverse more level areas. 
Once designers have a rough idea of where an alignment will be located, based on the 
other considerations listed previously, they begin to consider terrain. Whenever possible, 
level terrain is followed for an alignment, while rugged terrain is avoided if possible. If there 
are no other alternatives to locate an alignment, significant cuts, fills or major structures will 
be employed. In this case, the goal is to balance out cut and fill locations to minimize the 
amount of borrows required for a project. Care must be taken when utilizing cuts and fills to 
prevent adverse affects from occurring in other areas outside the project boundaries. For 
instance, fill used for the approaches to a river crossing could result in flooding in another 
location upstream. 
Selection of Feasible Alignments 
A number of alternative alignments may be created for a project. Some of these 
alignments are far superior to alternatives. However, it is impractical to present a large 
number of alternatives to the Transportation Commission for comparison and consideration. 
As such, the Corridor Development section meets as a group and narrows down the 
alternatives to be presented to the Commission. Using past experience and engineering 
judgment, alternatives are eliminated which are less attractive than competing alignments. 
Alignments that will be more difficult to construct or that face property acquisition issues are 
eliminated from consideration. Remaining alternatives are then presented to the 
Commission, which selects the preferred alternative for which construction will be pursued. 
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Gather Project/Engineering Information 
The purpose of this phase is to consolidate information from various offices into a 
database which can be used to determine which property owners may be affected by a 
project. All relevant and available data concerning existing ROW, property ownership, 
addresses, businesses, preliminary property plats, and additional information is gathered for 
the corridor(s) being studied. This data may not be complete; thus each office is responsible 
for adding information and making changes as necessary (40). 
Engineering data concerning accidents, pavement history, as-built plans, previous 
location and economic studies, sufficiency ratings, property information, utilities data, 
critical existing features, planned construction in adjacent areas, bridge and culvert 
information, and life cycle cost analysis of existing pavement are also gathered in this phase 
(40). This information is used to further identify corridor and location alternatives. 
All of these data are used to meet both internal and external project needs. Most 
importantly, by pooling data, offices can prevent repetition in data collection in which one 
office collects data that has already been collected by another. It is during this phase which 
aerial photography and DTMs are ordered (from Photogrammetry), as are traffic estimates 
(from Systems Planning). 
Public Information Meetings 
Many meetings occur throughout the development process. Early public information 
meetings are held to inform the public of possible highway improvements. Public input 
concerning the project's purpose and need, perceived transportation needs, and problem/issue 
identification in the project corridor(s) is gathered at these meetings. The result of this 
interaction is increased public awareness of and participation in the development process. 
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Environmental Data Gathering 
During this phase, environmental studies are ordered from specialists for a wide 
corridor (400 meters on either side of the centerline for each alternative under consideration). 
These data are used to determine what known environmental concerns could influence 
alignment alternatives, as well as what the acceptability of alternatives being proposed for 
study is. Data collected for environmental review includes regulated substances, cultural 
resources, historical and architectural sites, archeological sites, geotechnical information, 
biological information, and water resource/floodplain information. 
Develop Alternatives 
For all major and some minor projects, the Corridor Development section refines 
some of the alternatives identified during the Development of Preliminary Route Concept 
phase. Engineering and environmental data base maps are used to compare impacts for all 
alternatives developed. The main purpose of this phase is to transfer project concepts to an 
electronic layout for transfer to the design phase using CADD. Electronic outputs include 
horizontal and vertical alignments, typical cross sections, approximate construction need 
lines, intersection and interchange locations, planning level cost estimates, ROW impacts, 
and preliminary predetermined access (PDA) locations. This phase is intended to improve 
the identification of project impacts and respond to them during the planning phase. The 
result is a reduction in concept changes during the design phase of a project. 
Public Involvement 
This meeting presents project alternatives as well as their associated impacts. 
Information presented to the public at these meetings includes project concept, assessment of 
impacts, anticipated entrance locations, alignment alternatives displayed in CADD layouts or 
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over aerial photography, and environmental investigation results. The feedback received 
from the public at these meetings is used (along with other factors) for evaluation, and, 
ultimately definition of the preferred alignment. 
Prepare Environmental Impact Statement 
The Environmental Impact Statement (EIS) provides a full and fair disclosure of all 
significant environmental impacts of a project (40). It also informs decision makers and the 
general public of the reasonable alternatives that avoid or minimize the adverse affects of a 
project while enhancing the quality of the human environment. An EIS serves as a means to 
assess the environmental impact of a proposed project; however, it cannot justify actions 
already taken. During this phase, preferred alternative alignments are identified and 
reasonable alternatives are evaluated. 
The Final Environmental Impact Statement documents compliance with all applicable 
environmental laws and provides assurance that the requirements of these laws can be 
reasonably met. Mitigation measures to be incorporated into the project are also discussed in 
this document. Substantive comments received on the draft of the Environmental Impact 
Statement and responses to those comments are also included, along with a summary of 
public input. 
Combined Formal Public Hearing 
A formal public hearing is intended to solicit public and agency comments on project 
alternatives and the anticipated social, economic and environmental impacts associated with 
each project alternative. Planning work for a project should be 100% complete by this phase, 
while design work should be near 30% completion. A transcript of the proceedings of this 
meeting is kept for future review by staff and the Transportation Commission as part of the 
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project approval process. In addition to this transcript, staff prepares responses to the 
comments submitted at the hearing. 
Commission Approval 
A management level meeting is held to discuss a proposed project, its pros and cons, 
as well as stakeholder input. Out of these discussions, a preferred alignment alternative is 
selected for further development. This alignment is the one· for which final design will 
proceed and construction will be pursued. 
Virginia Location Process 
The location process as it is conducted in Virginia is designed to provide all entities 
with a significant interest in a project the opportunity to participate and influence the process 
(42). One of the benefits of this strong participation is the ability to reduce the adverse 
impacts of new facilities on property owners. In many alignment studies, environmental 
constraints (natural, historical resources) determine where an alignment will be located (42). 
Therefore, early identification and analysis of such features is of the utmost importance. 
Figure 3.2 illustrates the overall flow of the Virginia highway location process. The location 
process as performed by the Virginia DOT consists of eleven generalized steps, which will 
be reviewed in the following sections. 
Early Project Notification 
Any project that will involve right-of-way acquisition, easements, or disturbance of 
undeveloped land (e.g. new routes) requires notification to state resource agencies. These 
agencies are given thirty days to provide VDOT with information concerning the project area 
(42). The goal of this early notification is to allow other agencies to identify adverse impacts 
45 
which may occur as the result of a project. From this information, as well as site visits, 
preliminary environmental inventories of study areas are compiled. 
Assignment of Work 
Depending on whether the location study will be performed by VDOT or an outside 
consultant, a decision must be made on whether subsequent work on the project will be 
conducted by district or central office staff (42). Most secondary location studies are 
conducted by district staff, while the remainder of location studies are performed by central 
office staff. Regardless of the entity performing the study, a study team is assigned to the 
project, along with a project manager. 
Development of Purpose and Need 
Early in the location process, a Purpose and Needs Statement is drawn up to establish 
the justification for a project. If environmental impacts may occur with a project, it is the 
Purpose and Needs statement which validates the necessity of the project. The basis of the 
document is traffic data for the project area, which identifies traffic problems or needs that 
will be served by the proposed highway project (42). Typically, such information includes 
travel demand, level of service, accident rates and travel congestion. 
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I Key Steps in the Location Process for Major New Highway Projects I 
Earty Project Notification 
Assignment of Project 
Development of Purpose and Need 
Scoping Process ----- Public lnformatlon 
Meeting 
Development of Preliminary Alternatives ,.,..flll" 
(Optional) 
Screening of Alternatives 
Design of Alternatives to 10-15% Level 
Preparation of Draft Environmental Impact Statement 
or Draft Environmental Assessment 
Location PubHc Hearlng 
Preparation of Staff Recommendation 
Commonwealth Transportation Board Approval 
Preparation of Final Envlronmental Impact Statement 
or Final Environmental Assessment 
Federal Approval of Environmental Impact Statement 
or Environmental Assessment 
Issuance of Record of Decision or Finding of No Significant Impacts 
Source: JLARC staff graphic'.: based on federal regOlalions and VDOT l\Jles and policies. 
Figure 3.2: Flowchart of Virginia highway location process (42) 
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Scoping and Data Collection 
During this phase, VDOT begins to identify major issues of focus in the study area, as 
well as potential problems that may need to be addressed during the project (42). In addition, 
necessary data (aerial photography, traffic, environmental, right-of-way, cost) are also 
collected. With this information, VDOT can better determine the potential location study 
area(s) where highway alternatives will be considered and developed. It is during this phase 
in which photogrammetry data are collected and produced. 
Development of Potential Alternatives 
The number of alignment alternatives developed varies considerably from project to 
project. When more significant impacts will be caused, more alignment alternatives are 
created for a project. These alternatives may be produced by VDOT personnel, local 
governments and agencies, and even individual citizens (42). From the multiple alternatives 
developed, various combinations of segments can be combined to produce the most favorable 
alternative(s). 
Screening of Alternatives 
Once preliminary alignments have been developed, a first stage of screening is 
performed to evaluate the different alternatives. This evaluation is based on environmental, 
engineering and traffic factors and is performed to eliminate alternatives that are not feasible, 
do not satisfy the purpose and need, or which would have severe impacts (42). 
The alignment alternatives which remain after the first stage screening process 
undergo a second stage screening process. These alternatives are evaluated by criteria 
established by the project team including cost, public input, engineering feasibility, natural 
resource impact, community and public facility impact, etc. (42). With the criteria, 
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alternatives are scored and ranked to provide a subset of alignments which will be carried 
forward for further analysis, specifically, environmental impact. 
Design Development 
Once preliminary alignments have been screened, VDOT location and design staff 
become involved in the preliminary design of the remaining alternatives. Generally, these 
alternative alignments are designed to the ten to fifteen percent level of completion, which 
includes elements such as geometrics, grade, and quantities/costs (42). This level of design 
allows project team members to accurately assess the impacts and costs which each 
alternative would have. 
Public Information Meetings 
At various stages of the location process, VDOT officials (and consultants if 
applicable) hold public meetings to provide general information on the project, as well as to 
receive input and suggestions on alternatives. 
Preparation of Draft Environmental Impact Statement 
During this phase of the location process, an assessment is made of the environmental 
impacts of each alignment alternative. The impacts examined include land use, conservation, 
and air quality, among others (42). The project team must analyze the consequences each of 
these will have for each particular alignment. Generally, the impacts, which are critical to 
selecting an alignment include traffic, land use, cultural resources, and water quality (42). 
Submission for Public Comment and Location Hearing 
Once a draft Environmental Impact Statement has been created and meets FHW A 
approval, it is circulated to federal, state and local agencies with an interest in the project for 
review and comment (42). In addition, a public hearing to consider public comment is held if 
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there is interest for one. Such hearings provide a forum for VDOT to present alternatives and 
receive comment on them. 
Staff Recommendation and Board Action 
Once the period of public comment ends, VDOT staff reviews the information 
developed throughout the location process, as well as public comments. From this review, a 
recommendation for a preferred alignment is made. The recommendation typically is made 
by the administrator of the district in which the project is located. It is then passed to the 
state Location and Design Engineer, who in tum recommends it to the DOT's Chief 
Engineer, who prepares a final recommendation for the Commonwealth Transportation 
Board (42). The Commonwealth Transportation Board then makes a final decision on the 
selection of an alignment alternative. 
New Mexico Location Process 
In New Mexico, the location process is an interdisciplinary one. In selecting 
alignment alternatives, a number of different representatives from areas such as engineering, 
planning, environmental, etc. take part. The goal of this multidisciplinary approach is to 
produce good engineering decisions upfront to meet both the project and the National 
Environmental Policy Act's (NEPA) requirements. Figure 3.3 displays the New Mexico 
location process. The following sections provide an overview of the location process as it is 
conducted by the New Mexico State Highway and Transportation Department (NMSHTD). 
Scoping and Initiation 
During this phase, the level of effort and general approaches that are appropriate for a 
particular study are identified (43). The level of effort determines what type of study should 
be conducted (corridor, alignment, etc.), a budget estimate, and the anticipated level of effort 
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for the project to meet environmental clearance. Also, unique factors and issues are 
considered during this phase. These include drainage, mapping needs, environmental 
considerations, etc. Finally, a Study Team consisting of a Team Leader, District Engineer, 
FHW A representatives, local representatives, and specialists (environmental, public 
involvement, utility, etc.) is put together during this phase. The scoping and initiation 
process is also the phase during which the project limits and study area are defined. This 
includes defining the beginning and ending termini of a project. 
Public Involvement Plan 
One of the policies of the NMSHTD is to begin any alignment or corridor study by 
developing and implementing a public involvement program (43). This includes involving a 
number of diverse groups such as federal, state and local agencies, potential users of the 
facility, property owners, and others who have a stake or interest in the project (43). Public 
involvement is sought through the entire course of the location study. Through the public 
involvement plan, efforts are made to inform interested parties about proposed actions and to 
involve these parties in the decision making process. In addition, input from these parties is 
sought which will aid the Study Team in identifying issues and assist in evaluating the 
various alternatives. 
S
co
pi
ng
 
P
ha
se
 
S
co
pi
ng
 
an
d 
ln
ltl
at
lo
n 
P
ub
lic
 
In
vo
lv
em
en
t 
Pl
an
 
D<
1'
e~
 
PI
P 
l'u
tli
o C
UJ
et
ch
 
Ac
111
iti9
; 
.11
4.n
cy
 
Co
cr
di
n!
tic
n 
rn
~
•I
 S
ee
pin
g 
M
ee
lin
g 
I I 
Es
ta
bl
ls
h 
Pu
rp
os
e 
an
d 
Ne
ed
 
lrr
lE<
'll<
>r1
E•
isl
ing
 
rra
rs 
s-,
s1e
m 
ld
er
t.
~/
FU
ll
!r
!
S 
cf 
E
~m
r
Q
 ~
ec
il
ty
 
Ex
ts
.~
rg
 &
 fl
l'.
re
 
Tr
el1
X! 
\'C
ji
.m
es
 
e.A
na
'ys
is 
O
o
n~
u:
t S
fle
1,·
 
An
91
\'>
S 
Es
ta
bl
is
h 
Ex
is
tin
g 
C
on
di
tio
ns
/ 
C
on
st
ra
in
ts
 
Id
en
tif
y 
Po
te
nt
ia
l 
A
lte
rn
at
iv
es
 
ld
an
tr
t~
 
Po
1e
nt
i!I
 A
llE
f.ll
!lh
'e'S
 
Re
<~
m
d
s
 
to
 N
ee.
1 
C
~
1
tic
n2
I 
Pe
rfo
rm
!ll
c•
 
Er
g 
f
..
..
-~
ti
lt
y 
& 
Cc
!"-
lru
cl•
til
ly
 
S.
fe<
:y 
C
~
t
 
P
re
lim
in
ar
y 
E
va
lu
at
io
n 
of
 A
lte
rn
at
iv
es
 
Or
an
<I
J•
 
Ph
u
e
A
 
Re
p a
t 
pjg
l'l.
-c
f'A
"'J
 
El1
rin
"'"
 
IJn
fE<
"r!i
bl
• 
A1
"'
n
&~
·1
ea
 
En
Ar
on
me
1 
:al
 
~
'l
ll
r.
O 
Er
rii<
c:m
1'
n!S
I 
Sc
:ci
:tl
 
Le
-IE
i c
f E
>."
n'l
 
C>
.llJ.
:re
l 
I 
I 
~
 -
-
-
-
-
-
-
-
-
-
-
-
F\
Jb
lic
 &
Ag
ll<
lcy
 ln
ro
l•ro
m
en
l 
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-.
1
-
-
-
-
-
D
et
ai
le
d 
E
va
lu
at
io
n 
of
 
Fe
as
ib
le
 A
lt
er
na
ti
ve
s:
 P
ha
se
 B
 
D
ct
al
le
d 
En
gi
ne
er
in
g 
an
d 
E
nv
iro
nm
en
ta
l E
va
lu
at
io
ns
 
Tr
aff
ic 
Sa
lel
)• 
:.rm
ro
nm
.Ed
.al
 
So
c:i
1! 
Co
nm
.>:
lil
>lr
ty 
Cu
llu
ra
r 
Jn
ile
l V
eic
"' 
Eo
gin
ee
rf\
l 
Re
vie
'N
 
Ph
as
c 
B 
C
on
cl
us
io
n 
SE
!t
d
A
t.i
m.
1'~
.-
..
 
f«
 /1!
.11
'91
1.."
eM
En
l 
io
P
hu
eC
 
I 
~I
J:t.
·d·
l'l•
y 
Mn
~
 
I I 
--
>-
--
--
--
--
--
--
--
--
--
-P
i.tl
lic
&
~
nc
yl
rTV
oll•
ell1
<!rl
t·-
--
--
-,
.a
..
--
--
-
Fi
gu
re
 3
.3
: 
N
ew
 M
ex
ic
o 
hi
gh
w
ay
 lo
ca
tio
n 
pr
oc
es
s 
(4
3)
 
~ En
vi
ro
nm
en
ta
l D
oc
um
en
ta
ti
on
 
f'r
ep
nt
 
OM
!I E
IS
 
an
d 
P
ro
ce
ss
in
g:
 P
ha
se
 C
 
-
-·
·-
·
 
--
--
--
--
- - I .. I I I I 
--
--
-
-
-
--
· 
--
Pr
ep
!l'
e 
Fi
!W
EI
S 
.... 
__
__
__
_ .,
 I I 
I I 
RO
D
 
FO
NS
! 
-
-
-
-
-
-
-
-
-
-
-
-
-
'-
-
-
-
-
-
F'U
'.lii
e 
&
A<
;oo
cy
 lr
no
otv
er
ne
n1
• -
-
-
,, ... ~ ~: ::J r.I ... \C r.I ::J a. :!! ::J !!. 5' !/I ID" ::J ,, :r t.l !/I 11> 
52 
Establish Purpose and Need 
Defining the purpose and need of a project is one of the most important aspects of the 
location process. In New Mexico, the purpose is the overall objective to be achieved by an 
improvement, while the need is a detailed explanation of the specific transportation problem 
or deficiency that currently exists or will exist in the future (43). To establish the purpose 
and need, various pieces of information are required. These include a description of the 
existing transportation system, the physical condition of the existing facility, analysis ofland 
use and growth trends, analysis of existing and future traffic conditions, and a safety analysis 
(43). By establishing a purpose and need, alternatives can be compared and evaluated. 
Establish Existing Conditions/Constraints 
In order to avoid impacting cultural, social and environmental resources, as well as 
engineering constraints, it is important to identify and assess such conditions in order to 
recognize them early in the development process. The identification of such features is made 
through existing data sources and field review. In New Mexico, existing conditions are 
assessed in two steps: 1) inventory features in the study area, and 2) evaluate these features to 
determine how they might limit the location of a facility (43). 
Identify Potential Alternatives 
The fifth phase of the NMSHTD's location process is the identification of alignment 
alternatives. Alternatives are specific transportation improvement options that could be used 
to satisfy the purpose and need of a project (43). For smaller and/or rural projects, these 
alternatives might be different cross sections and alignments. In larger urban areas, 
alternatives might include non-highway options (transit, travel demand management, etc.) 
(43). The objective of the Study Team is to develop alternatives which are in balance with 
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the communities that they will serve while also being integrated into the surrounding 
environment (43). When developing alternatives, elements such as cultural and 
environmental features are avoided, as well as terrain and other physical features that require 
costly engineering solutions (43). It is important to note that the NMSHTD's documentation 
states that precise terrain mapping is not required in this phase, but rather, only when the 
project moves into the final design phase. 
Preliminary Evaluation of Alternatives 
Once potential alternatives have been identified, an evaluation of them is made to 
narrow the list which will be carried into the detailed evaluation phase. Evaluations are made 
using information which has been gathered during the previous phases of the process. The 
analysis must be performed by qualified engineers, planners and environmental specialists 
(43). The criteria that these professionals use is developed by the study team and is unique to 
the project. Once analyses are complete, the overall effects of each alternative are compared 
among one another, with less desirable or feasible alternatives being dismissed. 
Detailed Engineering and Environmental Evaluation/Final Alignment Selection 
The detailed evaluation of alternatives from both an engineering and environmental 
standpoint requires conceptual design plans produced earlier in the location process to be 
refined to an adequate detail to determine right-of-way requirements, costs, and impacts (43). 
These plans are developed from photo-based mapping to produce a plan and profile of each 
alternative. Information developed concerning right-of-way requirements, costs, and impacts 
are then analyzed and documented to compare the advantages and disadvantages of each 
alternative. Findings are presented at public meetings to update interested parties on the 
studies conducted, as well as to receive feedback and answer questions those parties might 
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have. Once environmental documentation and processing is completed, a final decision on a 
preferred alignment which will move to final design is made. 
Uses of Remotely Sensed Data in the Location Process 
Designers at the Iowa DOT have identified the primary use of remotely sensed data in 
the location process, aside from terrain mapping, as being the identification and avoidance 
and/or minimization of impacts to certain areas, such as wetlands or historical sites. 
Remotely sensed data allows such sites to be recognized by designers before any alignment 
alternatives are even developed. By identifying impact areas at the onset, extensive time and 
effort will not be expended in developing alternatives which are later discovered to 
negatively impact sensitive or protected locations. 
Remotely sensed terrain data are utilized during the later stages of the location 
process. Such data are used to determine what the grades of an alignment will be. Data are 
also used to determine locations where alignments encounter terrain obstacles (e.g. hills). In 
such cases, the problem is addressed by avoidance (pass around the obstacle) or minimization 
(cut and fill) (41). Terrain data are used to identify and plan such cut and fill locations when 
a situation dictates their use. In cases where cut and fill material is not available, favorable 
borrow sites are identified with the help of remotely sensed data. 
Anticipated Benefits of LID AR Data 
Iowa DOT designers expect LIDAR data to produce a significant time benefit. This 
mainly stems from the reduction in time required to acquire data. The current 
photogrammetry process limits the amount of data which can be collected, stemming from 
the limited windows during which data collection flights can take place. Currently, flights 
can only occur under leaf-off conditions, and even then, elements such as sun angle further 
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limit available collection times. Due to these constraints, requests for data collection on 
projects usually must be submitted during the fall to achieve a springtime data collection. If 
a project is not submitted on time, its data collection might not occur for many months, or 
even a year. 
The limitations ofphotogrammetry create a backlog of work for the Office of 
Photogrammetry at the DOT. The end result is a lower number of projects for which aerial 
photography and DTM work is completed. This limited number creates a situation where the 
completion of work contingent on this data is held up. While other data, such as 
environmental information may be available, the lack of data from photogrammetry prevents 
work from progressing. The result is an increase in the amount of time required to complete 
the project overall. 
LIDAR presents the opportunity for data to be collected during a longer time period. 
Elements which affect photogrammetry, such as sun angle, do not present problems for 
LID AR. As such, data collection can now occur during extended collection windows, a 
prospect which is not possible with photogrammetry. For the DOT, this means that more 
projects can have data collection occur than is currently the case. The ultimate result is that 
data will exist for more projects, allowing work which was previously being delayed by a 
lack ofphotogrammetric data to proceed in a more timely fashion (41). 
Concerns of LID AR Data 
The primary concern of LID AR data by the Corridor Development section hinges on 
its horizontal accuracy. Horizontal accuracy is the maximum variation that any measured 
value can have from the actual value derived from a benchmark. The concern over 
horizontal accuracy stems from the time and effort required to correct even minor errors in 
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horizontal alignment. The alignment which Corridor Development creates and passes off to 
the Design section is anticipated to be as close as possible to what the final design alignment 
will be ( 41). This accuracy will prevent a later need for Design to perform time consuming 
revisions, with the result being faster project turnaround. 
A second area of concern for Corridor Development is the final product from LIDAR. 
Essentially, the section would like proof that the final LIDAR product will produce the same 
results which they currently achieve with masspoints and breaklines produced by 
photogrammetry (41). It is recognized that the only way to verify what the results will be is 
to utilize the LID AR datasets which have been collected by the Iowa DOT. 
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Chapter 4: Iowa DOT Experience with LIDAR 
Introduction 
Although Iowa DOT personnel have been aware ofLIDAR technology for some 
time, it was not until recently that they felt that LIDAR technology had advanced to the point 
where it was feasible to collect terrain data for location and design projects. In the summer 
of2001, LIDAR was used to collect elevation data for a relocation study along U.S. 30. 
DOT personnel were interested in evaluating whether data collection with LID AR could 
compliment traditional photogrammetric methods and expedite the design process. Currently 
the Iowa DOT uses soft-copy photogrammetry for large-scale location studies. As discussed, 
collection of aerial imagery is limited to optimal environmental conditions and data 
reduction; once imagery is acquired, takes a significant amount of time in the office. As a 
result, time requirements for large corridor studies are restrictive, especially if optimum 
windows for collection of imagery are missed. For example, ifresources cannot be 
mobilized to take aerial photographs in the spring before significant vegetation is present, 
collection of imagery may be pushed back until late fall, delaying other project activities that 
rely on imagery and terrain information. Due to current accuracy limitations, LIDAR is 
expected to supplement rather than replace traditional photogrammetry, perhaps allowing 
initial location and environmental studies to begin significantly in advance of current 
timelines. LIDAR would be used in determining favorable construction areas, narrowing 
down wide area corridors, and allowing mapping of higher accuracy to be performed using 
photogrammetry in a more timely manner. LIDAR data collection is expected to be 
significantly faster and less costly than photogrammetry would be for a large study area. 
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Iowa DOT LIDAR Project 
To test the feasibility of using LID AR data in location and design studies, LID AR 
was flown for an upcoming relocation project that consisted of a 46-mile corridor of U.S. 30, 
from the town of Lisbon, in Linn County, to DeWitt, in Clinton County. The corridor is 
displayed in Figure 4.1. Project plans include adding additional lanes, roadway realignment 
in some locations, and the construction of seven bypasses at locations throughout the 
corridor. The LIDAR data were collected to provide general terrain information, with more 
detailed information being derived from aerial photography for final design. 
Figure 4.1: Iowa DOT US-30 LID AR Corridor 
LIDAR Data Collection 
The Iowa DOT solicited proposals for LIDAR data collection and originally intended 
to receive all proposals from perspective consultants by December 21 , 2000. Final selection 
of the consultant was scheduled for January, 2001. According to this timetable, completion 
of contracts would occur by March 2001 and the resulting flights would take place shortly 
thereafter, under leaf-off conditions. Delivery of the final product was expected by June 1, 
2001 according to original timetable. However, due to various reasons, many of these dates 
were not met; however, this has not been deemed as being detrimental to the project. 
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Consultant Selection 
A preliminary search of consultants was made to identify those qualified to meet 
identified project requirements. The search yielded seven prospective consultants, which 
were contacted beginning on November 21, 2000. Due to the relative newness ofLIDAR 
technology, as well as the Iowa DOT's inexperience with the technology, selection criteria 
were established to evaluate prospective consultants. Consultants would be required to have 
in-house LID AR capabilities; consultants lacking these capabilities but proposing to 
complete the project by leasing LIDAR equipment would not be considered (44). Additional 
requirements included: 
• Past experience with similar types of work 
• Staffing expertise consistent with the specialized needs of the project 
• Specific qualifications of key staff on the project team 
• Current workload and commitment of key staff (44) 
These requirements narrowed the field down to two prospective consultants. 
To make a final selection, the three member selection team examined the years of 
experience working with LID AR that each project manager had with their respective 
company. The manager at one consultant reported over seven years of experience working 
with LIDAR, while their counterpart at a second firm reported around one year of 
experience. Based on this information, the consultant with seven years LID AR experience 
was selected and notified through a Base Agreement on January 25, 2001. 
Contract Development 
Upon notification of selection, a cost estimate proposal was requested from the 
consultant. This estimate was received from the consultant on March 5, 2001 and passed on 
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to the Office of External Audits for an audit to be performed. Such an audit is performed to 
ensure that the financial figures in the agreement are correct. The overhead rates charged by 
the vendor are also examined to determine if they are appropriate. Finally, audits are made to 
determine iftime estimates for the labor involved on a project are appropriate. After some 
modifications were made to the cost estimate (breakdown into hours per task, contingencies, 
etc.), the project received approval on March 28, 2001. 
The next step in the process was for the consultant to complete an Agreement For 
Professional Services. Essentially, this agreement lays out basic contract information, the 
scope of the work, contact information, as well as additional technical information such as 
final product specifications. This form was finalized and signed on April 26, 2001. Due to 
delays, contracts were changed to specify that the consultant begin work on May 1, 2001 and 
conclude all work and provide all deliverables by October 1, 2001. The final product 
specifications contained in this document are presented in Appendix A. 
Data Collection 
The scope of work awarded to the vendor included photo control selection, aerial 
photography acquisition, LID AR collection and post processing, and digital orthophoto 
production. The Iowa DOT would be responsible for the placement of control points 
determined by the consultant in the field, as well as collection ofX, Y, and Z coordinates for 
those control points. 
Consultant technicians selected and mapped 120 photo control points, which were 
delivered to the DOT on April 26, 2001. Iowa DOT field crews immediately began the 
placement of these control points. Once the placement of ground control points was 
completed, flights were made to collect aerial photography on May 12th, 13th and 14th, 2001. 
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Preliminary delivery of the film for the corridor to the Iowa DOT was made on June 5, 2001. 
Deliverables included 16 flight line strips amounting to a total of222 prints. Digital 
orthophotos would be delivered at a later date upon the completion of X, Y, Z coordinate 
collection and delivery of that information by the Iowa DOT to the consultant. 
The original plan was for the collection ofLIDAR data to occur immediately after the 
collection of aerial photography. However, LID AR data collection was delayed by a number 
of factors including conflicting data collection projects being performed by the consultant, as 
well as damage to the plane which had to be repaired. In addition, weather conditions 
hampered data collection efforts. While it is possible for LIDAR data collection to be 
performed in less than ideal weather conditions (cloudy, mist, etc.), such conditions are 
known to degrade the accuracy of laser return data. As such, the consultant avoided 
performing data collection flights until suitable weather conditions occurred. LIDAR data 
collection occurred on June 9, 2001, with enough data being collected by the consultant to 
ensure that a re-flight would not have to be made at a later date. 
The photo control fieldwork performed by the Iowa DOT for this flight (GPS 
information for control locations) was completed during the week of July 2, 2001, with the 
file containing the coordinates for that photo control being delivered to the consultant on July 
12, 2001. On this date, a Microstation seed file (the file used to specify the coordinate 
system and provide the LID AR DEM information in a Microstation format deliverable to the 
DOT) was provided to the consultant. 
Early Problems 
Due to delays (contract development, etc.), the optimum conditions for aerial 
photography (leaf-oft) were missed. The result was aerial images for the project being 
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collected in early May. The photos from this flight were delivered to the DOT on June 5, 
2001. This was not a major problem, as no photogrammetry work was to be produced using 
this imagery. 
A more important problem during the early stages of the project stemmed from the 
ground control process. In the project specifications, the consultant was to select photo 
control points appropriate to the flight altitude (3000 feet), while the DOT was charged with 
placing those control points in the field. The control point plan created by the consultant was 
delivered to the DOT in late April, and work placing those points in their respective field 
locations commenced shortly thereafter. 
On May 2, 2001, the DOT received notice from the consultant to halt all work 
concerning the placement of control points. A miscommunication had caused the 
consultant's technicians producing the control layout to configure the control points in a 
manner fitting a flight at 3,960 feet, instead of the intended 3,000 feet. The result was a 
control layout being produced which specified fewer points be placed in the field than were 
necessary for the lower altitude flight. The consultant planned to produce a new control 
layout in a short timeframe, but the DOT decided to simply finish the placement of the 
remaining control points, which were fewer in number than necessary. The decision was 
made to adapt the flight characteristics to agree with those erroneously planned for (3,960 
feet). The impact of this error was that imagery of a lower resolution would now be collected 
as opposed to the higher resolution imagery collected at a lower altitude. 
Another problem during the early stages of the project also concerned ground control 
points. The Iowa DOT had a number of existing, known control point locations within the 
selected corridor. A copy of these locations was provided to the consultant with the intention 
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of reducing the number of new control points that technicians would have to create in their 
layout. This information was misrouted, causing the consultant to provide a control layout 
that incorporated no existing DOT control points. In some cases, the control points laid out 
by consultant technicians were within 200 feet of existing DOT points. As a result of this 
mistake, labor and materials were wasted. 
An additional problem stemmed from the intended work product delivery date of June 
1st. Due to contract work taking longer to finalize than anticipated, data collection was 
delayed. The consultant became concerned that the original June 1st deadline could not be 
met due to conflicting projects, as well as inclement weather. Late penalties of $100.00 per 
day assessed to the consultant had been specified in the contract. As a result, the deadline for 
work product delivery was changed to October 1, 2001. 
On July 17, 2001, the Photogrammetry division of the DOT was informed by the 
consultant that one of the scanned images made for the digital orthophoto generation was not 
scanned correctly. This required the DOT to send the film back to the consultant so it could 
be rescanned. 
Finally, while awaiting LIDAR data delivery, the project manager for the U.S. 30 
project left the company. While this was not detrimental to the DOT project, it was a source 
of concern, as the manager was most familiar with the project. This manager was also the 
person with the most LIDAR experience with the company, and their presence was one of the 
reasons that the DOT to chose the consultant. However, the LIDAR data collection had 
already occurred and the data were being processed, so the impact to the project was 
minimal. 
64 
LIDAR Data Delivery 
On October 2, 2001, the consultant delivered files derived from the collected LIDAR 
data to the Iowa DOT. This included Microstation files for both the DTM and DEM, ASCII 
point files (XYZ), and an aerial triangulation report. The Microstation files included a DTM 
with 50-foot postings and photogrammetrically derived breaklines, and a DEM with 10-foot 
postings created from breaklines and mass points. The corresponding digital orthophotos for 
the U.S. 30 project were not delivered at this time. 
The original contract called for a gridded point spacing of 3 meters (9.84 feet). 
However, it was determined that since the project was being completed in English units (feet) 
a post spacing of 10 feet should be used (44). This spacing was only 1.6% greater than the 
spacing of 3 meters and it could still provide the necessary accuracy to support the generation 
of 2-foot contour intervals. 
Upon inspection of the data, it was noted that the posted DEM did not overlay the 
posted DTM as it should. Instead, the posted DEM was shifted to the southeast from 
between 7 to 8 feet. This problem was quickly corrected by the consultant through 
reprocessing of the data. Since the DTM with 50-foot postings being used for orthophoto 
generation was not in error, work to create the digital imagery was not delayed. 
Current Status of US-30 Project 
Due to budgetary constraints in the state of Iowa, the DOT has faced some funding 
cutbacks. The result of this has been that the U.S. 30 project has been put on hold. As such, 
no further work with the LID AR data has been performed since the Office of 
Photogrammetry examined it for errors, etc. The project will continue to be monitored if 
feasible and results reported. 
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Anticipated Results 
The primary intention of this project was to determine ifLIDAR data could be used 
to expedite the corridor planning process. While an initial increase in the amount of labor 
hours involved in a project may result (flight planning, data processing ofLIDAR, 
supplemental photogrammetric mapping), the total time required to complete the project was 
expected to be dramatically reduced. For example, estimates for the amount of time required 
to map the entire U.S. 30 corridor using photogrammetry were nearly two years; however, 
the time for LIDAR data collection to produce data for the same area was four months. This 
provides designers with a window of twenty additional months to identify more specific 
areas where alignments will likely be located, allowing highly accurate photogrammetric 
mapping to be performed for these locations rather than for the entire corridor. 
Another anticipated result of using LIDAR data was that more detailed information 
would be available during the beginning stages of a project. The intention of the Iowa DOT 
would be to incorporate this detailed information in early plans and analysis so that future 
changes or revisions in the project could be avoided. Historical, archeological, soil and 
wetland information would be utilized early on along with photogrammetric terrain 
information to create preliminary plans that are of final design quality. This will help to 
reduce further delay to the project. In addition, public perception of the project might be 
improved by a lack of delays. 
Anticipated Problems 
The Corridor Development section requires breaklines to be drawn in the models they 
receive. This information is required so that plans can be produced which are close to those 
which will be produced during final design (eliminating revisions and corrections). 
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However, it is not currently possible to derive breakline information from LIDAR data. The 
compilation of accurate breaklines still requires photogrammetric mapping. As a result, 
breaklines will not be available to designers until photogrammetric mapping has occurred for 
narrow corridors. IfLIDAR data were accurate enough, design activities which do not 
require breakline information could still be conducted while focused photogrammetric work 
is being done. This ability to focus photogrammetry should lead to time savings overall. 
Conclusion 
To date, LIDAR data have not been fully used in a location study. However, several 
preliminary conclusions can be drawn from the Iowa DOT's experience with LID AR data 
collection. One conclusion is that LIDAR is still a developing technology and vendors are 
adjusting to providing such a service. LIDAR data vendors still have not perfected their 
collection procedures to the same level of consistency present with photogrammetry, as 
evidenced by the many issues and delays which arose in the DOT's project. It is expected 
that as use of the technology matures and vendors and transportation agencies gain 
experience with LID AR projects, vendors will show more reliable collection procedures. 
A second preliminary conclusion that has been drawn from the US-30 project is that 
LIDAR will not be a stand-alone replacement for photogrammetry. Highly accurate 
breaklines, an essential input in the design stages of a project, simply cannot be produced 
using LIDAR data alone. This is where the requirement for photogrammetric data collection 
anses. 
A final conclusion that can be drawn from the DOT's project is that LID AR may best 
serve as a supplemental form of data collection to photogrammetry. As previous sections 
have explained, LIDAR would be collected for large area corridors, providing designers with 
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the terrain information necessary to identify favorable preliminary alignments. LIDAR could 
also be used to orthocorrect digital imagery flown over a large area, and that imagery could 
be used in preliminary design. Once preliminary alignments are specified, photogrammetry 
may be produced to supply products to support final design. The overall result could be a 
significant amount of time, and possibly money (through labor savings) being saved using 
this modified data collection approach. 
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Chapter 5: Accuracy Comparison Methodology 
A number of different methodologies are ayailable to compare accuracy between two 
elevation datasets. Each of these methods has their own advantages, as well as limitations. 
The following section provides an overview of these techniques. 
Past Accuracy Studies 
The majority of commercial organizations that collect LIDAR data, state that the 
vertical accuracy of their data is generally on the order of 15 centimeters. A number of 
studies have examined the vertical accuracy ofLIDAR data with varying results. Most of the 
studies reported on LID AR data that were collected under leaf-off conditions (23, 24, 27, 28, 
31, 37). Past research has also examined the accuracy ofLIDAR data collected under leaf-on 
conditions (38, 39). Table 5.1 summarizes the results of past research. The variations in the 
accuracies achieved by these studies can be attributed, in part, to the differences between 
laser systems employed, flight characteristics, and the terrain being surveyed. As shown, 
accuracy ranged from 3 to 100 centimeters, with the majority of the studies reporting from 7 
to 22 centimeters Root Mean Square Error. These comparisons were performed in a number 
of ways, including point to point, point to LIDAR-DTM, and bilinear interpolation ofLIDAR 
points to reference points. 
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Table 5 .1: Comparison of LID AR Accuracy 
A1>blication 'ti Yeeetation Ye11icalAc~u1"acy"(cm) (RMSE) 
Road Planning (Pereira and Leaf-Off 8 to 15 (flat terrain), 
Janssen, 1998) 25 to 38 (sloped terrain) 
Highway Mapping (Shrestha, et.al. Leaf-Off 6 to 10 (roadway) 
2000) 
Coastal, River Management Leaf-Off 18 to 22 (beaches), 
(Huising and Pereira, 1998) 40 to 61 (sand dunes), 
7 (flat and sloped terrain, low grass) 
Flood Zone Management (Pereira Leaf-Off 7 to 14 (Flat areas) 
and Wicherson, 1999) 
Archeological Mapping (Wolf, Leaf-Off 8 to 22 (Prairie grassland) 
Eadie, and Kyzer, 2000) 
Highway Engineering (Berg and Leaf-On 3 to 100 (Flat grass areas, ditches, 
Ferguson, 2000) rock cuts) *Direct comparison to GPS 
derived DTM 
Description of Study Area 
In order to evaluate the accuracy ofLIDAR derived terrain information compared to 
data derived from photogrammetry, a study corridor was selected from existing DOT projects 
that already had surface elevation data from photogrammetry. It was also necessary that the 
photogrammetry work was fairly recent and that no significant changes had occurred within 
the study area. The Iowa Highway 1 corridor through Solon, Iowa, was selected for a pilot 
study, as it met all requirements. 
Iowa 1 is a two-lane, undivided state highway oriented north-south located in the 
east-central portion of the state. The corridor is approximately 18 miles long. 
Photogrammetric data were available from the Iowa DOT for a 10 square mile area around 
the corridor. The study segment begins at an interchange with Interstate 80 near Iowa City 
and ends at the junction with U.S Highway 30 outside the town of Mount Vernon. The 
highway passes through the town of Solon, the location of a proposed bypass, at about the 
midpoint of the corridor as shown in Figure 5.1. The corridor is characterized by a variety of 
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terrain. The southern portion of the route passes through rolling farmland. At the midpoint 
of the study segment, the highway passes directly through the town of Solon. A few miles to 
the north of Solon, Iowa-1 crosses the Cedar River, with significant changes in elevation. 
Figure 5.1: Iowa 1 Corridor 
Photogrammetry 
Digital Terrain Models developed by photogrammetric methods, as well as the 
corresponding aerial photography in a digital format, were acquired from the Iowa DOT' s 
Office of Photogrammetry for the study corridor. These data were derived from a flight 
made on April 22, 1999. Photogrammetric data served as a "control" dataset for the accuracy 
comparison. The DTM generated for the Iowa-1 corridor was produced from aerial 
photography collected at an altitude of 2,000 feet. The compilation of breaklines and 
masspoints at an approximate spacing of 25 meters from these data was specified by the Iowa 
DOT Office of Photogrammetry in the project contract. This spacing was dependent on 
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terrain and a closer spacing was required in some areas to adequately represent the surface. 
Breaklines were defined to include shoulder edges, tops of banks, edges of water, toe/top of 
slope, and the crests of ridges. DTM data were compiled for a minimum distance of 150 
meters on each side of the mainline (roadway) and sideroad centerlines of the proposed 
improvements, or to a specified distance. The Iowa DOT Office of Photogrammetry 
provided the following items for use in this research: 
• Digital Orthophotos 
• Breaklines and masspoints 
• Planimetric features 
• 1-meter contours 
All data were projected in the Iowa State Plane South coordinate system. The horizontal 
datum was NAD83, and the vertical datum was NA VD88, with units in meters. The geoid 
model was GEOID96. 
Collection of LID AR Data 
LIDAR data were also collected for the study corridor in October of2001. The 
vendor provided a LIDAR derived digital elevation data in the form of a point cloud 
consisting of an easting, northing and elevation (X, Y, Z) with an average spacing of2 
meters. Three datasets were provided: First Return pulses, Last Return pulses, and Bare 
Earth. To produce a bare earth DEM, last return LID AR pulses were processed with 
vegetation filters. Later work by the vendor produced a gridded DEM of 5 feet. All DEM 
data were delivered in comma delimited ASCII format. 
The laser unit utilized by the vendor sent out 4000 pulses per second and scanned 
across the aircraft's flight path. Additionally, GPS and Inertial Measurement Unit (IMU) 
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data were collected to record the aircraft's position, as well as it's roll, pitch and yaw at the 
time each pulse was fired by the laser. Digital orthophotos of 1-foot resolution, with a 
horizontal accuracy of 2 meters were also collected during a separate flight from the LID AR 
data collection. Imagery was orthorectified using airborne GPS data, platform attitude, and 
LIDAR DEM data. All data were projected in the Iowa State Plane South coordinate system. 
The horizontal datum was NAD83, and the vertical datum was NA VD88, with units in 
meters. 
Because LIDAR was flown in late fall, significant vegetation was still present. 
Harvesting of com and soybeans, the two crops present in fields adjacent to Iowa-1, had 
commenced. As a result, some fields were harvested and others were not. This provided an 
unique opportunity to compare data for both leaf-on and leaf-off conditions. 
GPS Data 
Since the study area was a future DOT relocation project, a complete 
photogrammetry product was available for the entire study area. The Iowa DOT currently 
uses photogrammetry data for the entire highway location process, including final design, so 
it was believed that the photogrammetry dataset would provide an accurate representation of 
existing terrain for the comparison of LID AR elevation information. 
However. high accuracy GPS data was also collected and used to compare both the 
LIDAR and photogrammetry for a limited subset of the corridor. In April of2002, a 
consultant was hired to collect 177 GPS points at various locations throughout the study 
corridor to validate the accuracy of both the LID AR and photogrammetry datasets. All data 
were projected in the Iowa State Plane South coordinate system, NAD83, NA VD88, and 
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GEOID96. The vendor determined that the average elevation accuracy of these data was 
1.21 centimeters. 
Accuracy Comparison Methodology 
A number of different methodologies are available to compare accuracy between two 
elevation datasets. Each of these methods has their own advantages, as well as limitations. 
The following section provides an overview of these techniques. 
Direct Point Comparison 
Shrestha, Carter, Lee, Finer, and Sartori (1999) discuss a direct point comparison that 
used a base reference dataset of photogrammetric elevations. A computer program was used 
that extracts points from a LID AR dataset are within a using a specified tolerance (both x and 
y, as well as z) of the base reference points (for this research, within 1 meter horizontal and 
25 cm vertical). Elevation differences between common reference and LIDAR points were 
calculated then imported into SURFER to compute accuracy statistics, including mean, 
standard deviation, and Root Mean Square Error. 
The main advantage is that with this method, exact points between the two datasets 
can be compared directly. It also takes advantage of the probability that the dense nature of 
the distribution ofLIDAR points will lead to a given number of those points lying in close 
proximity to reference points. The disadvantage of this method is that the researcher must 
specify the given tolerance (circumference) around reference points from which points being 
compared (e.g. LIDAR) can be extracted. The specification of different tolerances leads to 
the identification of greater or fewer common points being identified, potentially producing 
different statistical results for vertical accuracy. 
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Point Interpolation 
A number of studies have conducted accuracy comparisons by bilinearly interpolating 
LIDAR points to photogrammetric reference points (either photogrammetric or GPS) (27, 28, 
31, 37). To minimize interpolation error, only points on flat surfaces, such as roads, were 
used. The difference between the reference point and the interpolated LID AR point is then 
determined to calculate appropriate statistics such as the RMSE. 
The advantage of this method is that direct point comparisons can still be made while 
the reference points and LIDAR data points do not have to be within a specified tolerance of 
each other. The disadvantage of this method is that only interpolated points from flat areas 
are used for comparison to take advantage of linearity and minimize error. This prevents the 
determination of the vertical accuracy ofLIDAR on non-flat areas. 
Grid Comparison 
In modeling surface terrain, the elevational accuracy of the entire surface is important 
(not just elevations on hard, flat surfaces). To eliminate the need for an assumption of 
linearity associated with point interpolation, nonlinear interpolation methods, such as Inverse 
Distance Weighting and Spline gridding can be used for accuracy comparisons. Nonlinear 
interpolation methods assume that the closer points are to one another, the more likely they 
will affect one another (18). When grids of the same resolution are produced for both the 
control and test dataset, it is possible to perform a comparison of the elevation between 
datasets for any location throughout a study area by comparing grid cell values. 
The advantage of using grids to determine accuracy is that they represent the entire 
surface of the area being examined. This allows for comparisons to be made on a number of 
different surfaces of interest (roads, ditches, etc.). The disadvantage of this method is that 
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more sparsely populated datasets, such as photogrammetry, which do not contain the same 
large number of points as LIDAR, may produce a less accurate representation of the earth's 
surface as grid resolution is increased. In addition, when dealing with datasets such as 
LID AR, which contain millions of individual points, grid production can be a time and 
processor intensive operation, even for the most advanced computers. 
Surface Comparison 
It is possible to conduct accuracy evaluations of elevations based on a comparison of 
surfaces (Triangulated Irregular Networks) generated from the control and test datasets, 
although no literature utilized such a technique. The TIN model generates a representation of 
the surface based on the relationship between neighboring points in a dataset. Unlike 
gridding, where mathematical processes fill in the gaps between points with interpolated 
points, triangulation connects neighboring points to create a surface model. To compare 
surface models, test points for which accuracy is to be determined are selected, with the 
elevations of the selected points extracted by a GIS or manually recorded. 
The advantage of TIN comparison is that it is a less processor and time intensive 
procedure than grid comparison. In addition, automated extraction of elevational values for 
points of interest is possible within a GIS environment. A disadvantage to this method is that 
with less dense terrain models (e.g. photogrammetry), elevational changes between 
triangulated points may not be represented, as a sudden drop in elevation for a ditch might 
not be sufficiently modeled by the TIN. The result would be an incorrect determination of 
the true elevational accuracy of the test dataset. Another disadvantage is that surface terrain 
models are based on mathematical computations; consequently, accuracy is affected by the 
algorithms used as well as the data itself. 
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Statistical Test 
The vertical accuracy ofLIDAR data can be influenced by the type oflaser system 
employed, the measurement process used, and the terrain itself (37). It can also be 
influenced by the acquisition and processing strategy of the vendor (37). Filtering 
procedures can also have an effect on the vertical accuracies ofLIDAR (39). However, 
determining the influence of these factors is not part of the scope of this research. 
To evaluate the accuracy of a dataset, a comparison must be performed. A dataset's 
accuracy is evaluated by comparing the coordinates of several points, which are locatable 
easily in all the dataset(s) with an independent data set of greater accuracy. For this research, 
LIDAR data was compared to a photogrammetric dataset, as well as additional GPS points 
collected separately. The National Standards for Spatial Data Accuracy (NSSDA) 
recommends points found at right-angle intersections (roads, railroads, canals, etc.), as well 
as utility access covers, sidewalk and curb intersections be used for accuracy evaluations 
(20). However, because LIDAR data are so dense and randomly distributed, identifying 
points that fall directly on such features would have been time consuming, if not impossible. 
Instead, the Grid Comparison method was used to develop grids of various resolutions. Cells 
for various surfaces of interest within these grids were extracted and compared to one another 
to perform accuracy assessments. 
National Standards for Spatial Data Accuracy 
The NSSDA outlines a statistical testing methodology for estimating the positional 
accuracy of digital geospatial data with respect to georeferenced ground positions of higher 
accuracy (45). This test applies to any georeferenced digital geospatial data derived from 
sources such as aerial photographs, satellite imagery and ground surveys. Twenty or more 
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test points are required to conduct a statistically significant accuracy evaluation, regardless of 
the size of the data set or area of coverage (20). This also allows for the reasonable 
computation of a 95 percent confidence interval, meaning that, when 20 points are tested, it is 
acceptable that one point may exceed the computed accuracy (20). If fewer than 20 test 
points are available, three alternatives are available for determining positional accuracy: 1) 
deductive estimates, 2) internal evidence, or 3) comparison to source (20). 
To perform the accuracy comparison between LID AR and photogrammetry, as well 
as GPS points, an adaptation of the recommended NS SD A methodology was utilized. The 
steps are as follows: 
1. Determine what accuracy (horizontal, vertical, or both) is to be tested. In this 
research, only vertical accuracy was tested. 
2. Select an independent dataset of higher accuracy that corresponds to the data being 
tested. In this research, the first independent dataset was the photogrammetry data 
previously produced for the Iowa 1 corridor. The second independent dataset was the 
GPS dataset. 
4. Select a common set oftest points from each of the datasets being compared. The 
Grid comparison method was used to select points. LID AR was evaluated for 
different types of surfaces present in the study area (hard surface, fields, etc.). 
5. Calculate the positional accuracy statistic using an RMSE test. 
RMSE Test 
The test used to evaluate vertical accuracy was the Root Mean Square Error (RMSE) 
test. The RMSE test estimates the common within-group standard deviation of data. To 
compute the RMSE, twenty or more test points are required to conduct a statistically 
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significant evaluation, regardless of the size of the dataset or area of coverage (20). The test 
statistic is of the form (20, 45, 46): 
RMSEz= L ( X ground value, i - X test value, i J 
n 
Where 
x ground value,i: ground truth point of the ith point in the dataset 
x test value, i : test point of the ith point in the dataset 
L (x ground value -X test value )2: sum of the set of squared differences between the ground 
and test data 
n: the total number oftest points 
To determine the NSSDA accuracy statistic, the RMSE value derived from the above 
calculation is multiplied by a value that represents the mean at the 95 percent confidence 
level (20). For vertical accuracies, this value is 1.96. The accuracy statistic is calculated 
with the following equation: 
NSSDA = Accuracyr = 1.96 * RMSEz 
Results 
Several comparisons were made to determine the accuracy ofLIDAR as it compared 
to both photogrammetry, as well as GPS readings collected in the study area. The vendor 
specifications for each respective dataset can be found in Appendices B, C, and D. LIDAR 
accuracy was evaluated for several different types of terrain. Results of the accuracy 
analyses are presented in the following sections. 
79 
As stated earlier, the technique selected to compare elevations was a Grid 
Comparison. Grids of 1, 5 and 10 meter resolution were created through two techniques: 
Inverse Distance Weighted interpolation, and the conversion of Triangulated Irregular 
Networks into grids. IDW interpolation assumes that the closer together slope values are, the 
more likely they are to be affected by one another (18). Unlike triangulation, where points 
are simply connected together to form a surface, gridding mathematically computes the 
elevation values for the gaps that exist in the data. Arc View GIS and its Spatial Analyst and 
3D Analyst extensions were used for grid interpolation and TIN creation, respectively. 
These extensions allowed for the specification of output grid cell size to be made, as well as 
how many neighboring points could be used to influence the calculation of a grid cell 
elevation. 
LIDAR points were densely spaced (1-2 meters on average), while photogrammetric 
points were more sparse, with a gridded spacing of 25 meters on average (some areas, such 
as breaklines, had a more dense distribution of points). The result was an abundance of 
LIDAR points with which surfaces could be derived, while photogrammetry had fewer points 
to generate comparable surfaces. Due to this, there is a potential for grids produced by 
photogrammetry not to be as accurate in some areas (namely fields), where point data were 
less sparse. In addition, as grid resolution decreased (ex. 10 meters), more points would be 
included to compute the elevation of a single, large cell. If terrain greatly varied in the area 
of a cell, high and low elevations could produce a miscalculation of the average elevation for 
an area, resulting in an incorrect evaluation of the accuracy of the surface. 
The most commonly used statistic to describe accuracy is RMSE. As such, this will 
be the statistic used here to evaluate the accuracy of the various datasets. Additional 
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statistics presented include the mean (the average difference of points), as well as the 
NSSDA statistic (the value which 5% of all points may exceed). These are presented to 
provide the reader with a more detailed picture of the overall accuracy of the tested datasets. 
Using GPS as Control Points 
, 
The first accuracy test consisted of comparing LID AR points to GPS points and then 
comparing photogrammetry derived points to the same GPS points for several surface types. 
Elevations for GPS control points were compared to elevations from grids of 1, 5 and 10-
meter resolution developed from both TIN grids and Inverse Distance Weighted (IDW) 
interpolation. The following sections discuss the results of the accuracy comparisons 
performed using GPS as control. 
Hard Surfaces 
It was expected that LID AR would be the most accurate on hard surfaces such as 
roadway pavements and parking lots. Results for hard surfaces are presented in Table 5.2. 
Both photogrammetry and LID AR data produced mixed results. Photogrammetry elevations 
were significantly more accurate than LIDAR for TIN-derived grids. However, LID AR 
performed better than photogrammetry when IDW interpolation was used to produce a 
surface. As a whole, the accuracy of each dataset declined as grid resolution became coarser. 
This is to be expected, as a greater elevation generalization is made as the size of the grid cell 
expands to include more known elevational points. Overall, the computed RMSE values of 
LIDAR and photogrammetry elevations were not found to be close in accuracy to GPS 
control on hard surfaced areas. 
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Table 5.2: Accuracy ofLIDAR and Photogrammetry Compared to GPS Control on Hard 
Surfaces 
Resolution Grid Dataset Sample mMean RMSE NSSDA, 
Points Elevation (meters) (meters) 
I) , Difference 
1-meter TIN Photo 66 0.03 0.17 0.32 
LID AR 66 0.11 0.33 0.64 
IDW Photo 66 0.40 0.64 1.25 
LID AR 66 0.10 0.32 0.63 
5-meter TIN Photo 66 0.03 0.18 0.35 
LID AR 66 0.13 0.36 0.70 
IDW Photo 66 0.36 0.60 1.18 
LID AR 66 0.16 0.40 0.78 
10-meter TIN Photo 66 0.11 0.33 0.65 
LID AR 66 0.32 0.57 1.12 
IDW Photo 66 0.46 0.68 1.33 
LID AR 66 0.35 0.59 1.15 
Ditches 
The results of the accuracy comparisons for ditches are presented in Table 5.3. 
Neither LID AR nor photogrammetrically derived grids performed well in ditch areas. While 
photogrammetry did produce more accurate elevations in ditch areas for TIN grids, this can 
mainly be attributed to the inclusion of breakline elevations, which defined such features 
when producing the terrain models. LIDAR elevations for ditch areas were quite poor. The 
lowest RMSE achieved, 0.60, does not even approach the 15-centimeter (0.15 meter) RMSE 
statistic claimed by LID AR vendors for their data (which has been determined using 
methodologies presented earlier). As a whole, neither LIDAR nor photogrammetry 
elevations in ditch areas were found to be highly accurate at any resolution when compared 
to GPS control elevations. 
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Table 5.3: Accuracy ofLIDAR and Photogrammetry Compared to GPS Control for 
Ditches 
Resolution Grid Dataset Sample 'Mean RMSE NSSDA 
i::;: . ) 1*)!oints itElevation (meters) (meters) 
. ~ :ITT. ll>ifference w: :i 
1-meter TIN Photo 25 0.27 0.52 1.02 
LID AR 25 0.36 0.60 1.17 
IDW Photo 25 0.55 0.74 1.45 
LID AR 25 0.39 0.63 1.23 
5-meter TIN Photo 25 0.39 0.62 1.22 
LID AR 25 0.52 0.72 1.41 
IDW Photo 25 0.68 0.82 1.62 
LID AR 25 0.46 0.68 1.33 
10-meter TIN Photo 25 0.60 0.77 1.52 
LID AR 25 0.62 0.78 1.54 
IDW Photo 25 0.91 0.96 1.87 
LID AR 25 1.27 1.139 2.21 
Slopes 
WI 
·iW. 
Table 5.4 presents the results of accuracy evaluations performed on slopes. The true 
steepness of such slopes (e.g. grade) was not collected, only spot elevations occurring on 
areas of slopes. Both photogrammetry and LID AR performed poorly for areas of steep 
slopes (e.g. near creeks, etc.). While photogrammetry did produce better results than 
LIDAR, these can once again be attributed to the inclusion ofbreakline data when 
developing the surface models. Had an accuracy evaluation of photogrammetry been 
performed without the inclusion ofbreakline elevations, it is possible that the accuracy of 
photogrammetry would have been equally as bad, or even worse, than that ofLIDAR. 
LID AR performed especially poorly in sloped areas. This could be due to the potential for 
LID AR to miss sections of slope where abrupt terrain changes occur, such as the true bottom 
of a slope. The result is a less accurate surface model being created and producing 
significant accuracy differences. 
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Table 5.4: Accuracy ofLIDAR and Photogrammetry Compared to GPS Control on Steep 
Slopes 
Resolution Grid • Dataset ,;'.;:1~;~mple Mean RMSE. NSSDA ' 
i~ oints Elevation 
(meters) (meters) . . 
. 1ti'7' "Difference i$ ?{ • '*' Le ~t 
1-meter TIN Photo 10 0.77 0.87 1.70 
LID AR 10 0.26 0.51 1.00 
IDW Photo 10 0.09 0.31 0.60 
LID AR 10 0.19 0.43 0.84 
5-meter TIN Photo 10 0.05 0.22 0.43 
LID AR 10 0.13 0.36 0.71 
IDW Photo 10 0.14 0.38 0.74 
LID AR 10 0.22 0.47 0.92 
10-meter TIN Photo 10 0.51 0.72 1.40 
LID AR 10 0.70 0.84 1.64 
IDW Photo 10 0.26 0.51 1.01 
LID AR 10 0.64 0.80 1.57 
Bare Surfaces 
Results of vertical accuracy comparisons for bare surfaces such as harvested fields are 
presented in Table 5.5. Both datasets performed well on bare earth surfaces as would be 
expected. LIDAR results were similar for all resolutions. Most of the RMSE values were 
slightly outside the 15-cm stated accuracy for both TIN and IDW surfaces. This suggests 
that LID AR does a good job ofrepresenting terrain for flat, bare surfaces. Photogrammetry 
performed well on bare surfaces as well. For the 1 and 5-meter resolution, the RMSE was 
around 0.1 meter. 
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Table 5.5: Accuracy ofLIDAR and Photogrammetry Compared to GPS Control for Bare 
Surfaces 
Resolution· Grid .. Dataset Sample 'Mean· ·.RMSE NSSDA 
(,; ¥! 
w. (Points Elevation ,,,(meters) (meters) J1i 
~· 14 1Difference "' jJ 
1-meter TIN Photo 25 0.01 0.09 0.18 
LID AR 25 0.04 0.19 0.38 
IDW Photo 25 0.01 0.10 0.20 
LID AR 25 0.03 0.18 0.34 
5-meter TIN Photo 25 0.01 0.10 0.20 
LID AR 25 0.04 0.21 0.40 
IDW Photo 25 0.01 0.12 0.23 
LID AR 25 0.04 0.20 0.39 
10-meter TIN Photo 25 0.02 0.13 0.26 
LIDAR 25 0.04 0.21 0.41 
IDW Photo 25 0.02 0.15 0.30 
LID AR 25 0.03 0.16 0.32 
Row-Crop Vegetation 
A number of fields in the study area had standing crops when LID AR was completed. 
Com and soybeans were the predominant crop in the area. The data were collected in late 
fall when crops were fully-grown and would have presented a worst-case scenario. 
Photogrammetry was collected under leaf-off conditions so it cannot be considered an equal 
comparison dataset. Therefore, only an accuracy evaluation of LID AR was performed to 
determine how well pulses penetrated thick canopy. 
One of the advantages of LID AR is that it can potentially penetrate vegetation so that 
data can be collected throughout the year. The density of vegetation that can be penetrated 
before LIDAR accuracy is degraded has not been determined. However, under full leaf-on 
conditions with the relatively dense vegetative conditions that would have been present at the 
end of the growing season, LIDAR did not perform accurately. At all resolutions, the RMSE 
for LIDAR data were around 0.50 meters. 
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Table 5.6: Accuracy ofLIDAR Compared to GPS Control on for Row-Crop Vegetation 
Resolution Grid Dataset Sample ~,Mean RMS:W NSSDA:" 
r .. ~,Points *1Elevation (meters) (meters) 
1!1!,;~ " fill& '\! nure.:ence ' t'li;~ ·.h " 1§ " "' 1-meter TIN LID AR 23 0.21 0.46 0.90 
IDW LID AR 23 0.20 0.44 0.87 
5-meter TIN LID AR 23 0.21 0.46 0.89 
IDW LID AR 23 0.22 0.48 0.92 
10-meter TIN LID AR 23 0.21 0.46 0.90 
IDW LID AR 23 0.23 0.49 0.94 
Use of Photogrammetry as Control Points 
The vertical accuracy of LID AR was also evaluated using the photogrammetric data 
as control points. This allowed the accuracy of LID AR to be tested over larger areas since 
only a few GPS points were selected for each surface type. Using photogrammetry as the 
control, the accuracy of LIDAR in comparison to the Iowa DOT's currently accepted data 
collection method could be evaluated. 
Accuracy of Photogrammetric Points 
Table 5.7 presents the required accuracies of photogrammetric products as specified 
by the United States Geologic Survey (USGS). These are the accuracies required by the 
Iowa DOT for photogrammetric products used for location and design activities. For the 
Iowa 1 corridor photogrammetry products, the photo scale was 1 "=333 ', resulting in a 
vertical accuracy of ±9 centimeters. 
Table 5.7: Accuracies of photogrammetry products 
Source: Iowa DOT/USGS 
Photo Scale Horizontal Vertical l 
1"=250' 1.25 feet 0.30 feet (9 cm) 
1"=333' 1.25 feet 0.30 feet (9 cm) 
1"=500' 2.5 feet 0.50 feet (15 cm) 
1"=1000' 5.0 feet 1.00 feet (30 cm) 
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Hard Surfaces 
The results of the accuracy comparisons performed on hard surfaces are presented in 
Table 5.8. On hard surfaces, the elevational accuracy ofLIDAR is mixed. While LIDAR 
appears to produce fairly accurate elevations from TIN-derived grids, the same is not true for 
grids produced by IDW interpolation. None of the accuracies approached those required for 
DOT activities. However, it should be noted that the accuracy ofLIDAR under both grid 
types stayed fairly constant as grid resolutions declined. 
As demonstrated in the previous sections, there are some inaccuracies in the 
photogrammetry data as well. Additionally most LID AR accuracy comparisons presented in 
other studies used highly accurate control points such as GPS for comparison. The average 
accuracy for photogrammetry varies, depending upon the scale it was produced at. In the 
case of the Iowa 1 photogrammetric data, the vertical accuracy was ±9 centimeters. In earlier 
sections, photogrammetry for the study corridor was compared to GPS control. For hard 
surfaces the accuracy was around 0.17 meters and for bare earth surfaces the accuracy was 
around 0.1 for the 1-meter resolution grids. 
Table 5.8: Accuracy ofLIDAR Compared to Photogrammetry Control for Hard Surfaces 
Resolution Grid ¥t Dataset . ·~sample 1~J\1ean i·RMSE NSSDA 
M 
Points Elevation (meters) (meters) 
:t • iii Difference " 1-meter TIN LID AR 140,176 0.07 0.27 0.53 
IDW LID AR 139,865 0.21 0.46 0.89 
5-meter TIN LID AR 5,555 0.07 0.27 0.53 
IDW LID AR 5,560 0.20 0.45 0.88 
10-meter TIN LID AR 1,375 0.08 0.28 0.55 
IDW LID AR 1,379 0.21 0.45 0.89 
87 
Ditches 
LIDAR data collected in areas where ditches were present was also compared to 
photogrammetry, and, as expected given previous results using GPS as the control points, 
LIDAR elevations in ditch areas were not accurate. This can be attributed to the lack of 
supplemental information, such as breaklines, which define features like ditches. Without 
such information, surface models developed exclusively from LIDAR data will only 
generalize the terrain for such areas, producing less accurate results. The results of accuracy 
comparisons performed for ditches are presented in Table 5.9. 
T bl 5 9 A a e ccuracy o fLIDARC om pare d t Ph t t C t 1 £ n·t h 0 o ogramme ry on ro or i c es 
Resol1ltion Grid Dataset Sample Mean" RMSB NSSDA 
Points .Elevation (meters) (meters) 
" Difference 
I-meter TIN LID AR 144,995 O.I7 0.4I 0.81 
IDW LID AR I4I,560 0.22 0.47 0.92 
5-meter TIN LID AR 5,742 O.I8 0.43 0.84 
IDW LID AR 5,729 0.2I 0.46 0.90 
IO-meter TIN LID AR 726 0.13 0.36 0.70 
IDW LID AR I,426 0.3I 0.55 1.09 
Wooded Areas 
Table 5.10 presents the results of accuracy evaluations for LID AR in wooded areas. 
In areas where trees were present, LID AR once again produced mixed results. While the 
vendor did perform filtering to remove vegetation in such areas, the elevational accuracies 
achieved still were not adequate for planning and design needs. Interestingly, the elevational 
accuracy of surface models developed from TIN-derived grids was significantly better than 
those with IDW interpolation. One explanation for this may be that in order to remove 
vegetation or structures, LID AR points are removed during filtering procedures and 
interpolation overcompensates for the lack of elevational data. 
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Table 5.IO: Accuracy ofLIDAR Compared to Photogrammetry Control for Wooded 
Areas 
Resolution Grid Dataset Sample Mean RMSE NSSDA: , 
fn~oints "Elevation (meters) (meters) . ,, " ! I~ Difference '•, lil. 
I-meter TIN LID AR 2I5,I43 0.43 0.66 1.29 
IDW LID AR I43,335 1.22 1.11 2.I7 
5-meter TIN LID AR 8,6I4 0.42 0.65 2.25 
IDW LID AR 7,953 1.32 1.I5 2.25 
IO-meter TIN LID AR 2,I55 0.45 0.67 1.32 
IDW LID AR I,98I 1.36 1.I 7 2.28 
Bare Earth 
The accuracy ofLIDAR data for bare earth surfaces such as harvested fields, 
produced results similar to those for hard surfaces as shown in Table 5.I I. This suggests that 
LIDAR does perform better on bare, flat surfaces. The grids produced from TINs once again 
produced more accurate terrain models than those ofIDW interpolation. Both grid types 
produced consistent results for each resolution, further suggesting that LID AR is a more 
promising technology in flat areas. However, the accuracies achieved in harvested areas still 
are not close to those necessary for location and design activities, nor do they approach an 
RMSE of I 5 centimeters. 
Table 5. I I: Accuracy of LID AR Compared to Photogrammetry Control for Wooded 
Areas 
Resolution Grid &I Dataset ·sample 1~,Mean , RMSE NSSDA: 
¥'! tB · ~oints 1 • . J£levation (meters) (meters) 
Ii!'; • ®• Difference ,, ' 
I-meter TIN LID AR 13346IO O.IO 0.32 0.62 
IDW LID AR I685998 O.I9 0.43 0.86 
5-meter TIN LID AR 67446 0.08 0.29 0.57 
IDW LID AR 67445 O.I9 0.43 0.85 
IO-meter TIN LID AR 16806 0.08 0.29 0.57 
IDW LID AR 16806 0.18 0.43 0.85 
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Unharvested Fields (Low Vegetation) 
Table 5. I2 presents the results of accuracy evaluations performed on unharvested 
fields with low vegetation. This included areas with crops, such as soybeans, which were not 
harvested before LIDAR data collection occurred. Unharvested low vegetation fields 
produced accuracies close to those produced in harvested fields. This suggests that LID AR 
maybe capable of penetrating low, less dense vegetation, such as soybeans. As was found 
with accuracy evaluations for other areas, as grid resolution degraded, accuracy remained 
fairly constant. 
Table 5.I2: Accuracy ofLIDAR Compared to Photogrammetry Control for Unharvested 
Fields with Low Vegetation 
Resolution Grid Dataset ~Sample Mean RMSE NSSDA 
Points Elevation (meters) (meters) 
\ 
. Difference .ii• .. = 
I-meter TIN LID AR I,320,236 O.I2 0.35 0.69 
IDW LID AR I,320,08I 0.2I 0.46 0.90 
5-meter TIN LID AR 52,862 O.I2 0.35 0.69 
IDW LID AR 52,862 0.2I 0.46 0.90 
IO-meter TIN LID AR 13,250 0.2I 0.46 0.90 
IDW LID AR 13,250 O.I2 0.35 0.69 
Unharvested Fields (High Vegetation) 
Table 5.13 presents the results of accuracy evaluations performed on unharvested 
fields with high vegetation. This type of surface included areas with com that had not been 
harvested when LID AR data were collected. LID AR does not perform adequately under 
high vegetation, as evidenced by errors of over I meter (RMSE) calculated for terrain models 
regardless of resolution. This-demonstrates that LID AR pulses are not capable of penetrating 
dense foliage, such as com, and returning a true elevation of the earth's surface. While 
further filtering aids in the removal of such dense vegetation, the poor performance of 
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LID AR to initially penetrate crop canopy illustrates that data collection might be more 
feasible under leaf-off conditions or when crops, such as com, are in earlier stages of growth. 
Table 5 .13: Accuracy of LID AR Compared to Photogrammetry Control for Unharvested 
Fields with High Vegetation 
Resolution Grid ,Dataset r:tSample Mean. ,RMSE "' NSSDA'' 
~oints Elevation (meters) (meters) 
' ,·114: ,J)iff erence ·~, , AH• " :. 1-meter TIN LID AR 2,670,799 2.19 1.48 2.90 
IDW LID AR 2,658,448 2.61 1.61 3.16 
5-meter TIN LID AR 106,765 2.18 1.48 2.90 
IDW LID AR 106,819 2.62 1.62 3.17 
10-meter TIN LID AR 26,737 2.19 1.48 2.90 
IDW LID AR 26,759 2.65 1.63 3.19 
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Chapter 6: LIDAR Integration with Photogrammetric Data Collection 
Introduction 
To reduce the time required to plan and design highway projects, highway agencies 
have begun to streamline processes. In order to meet the extensive data requirements for 
environmental assessment and final design, some agencies chose to collect and process more 
terrain data and imagery products than they will ultimately need, in order to be able to 
rapidly respond to changing location decisions. While expediting the planning process, 
additional data collection and processing is expensive and time consuming. The ability to 
collect and deliver terrain products in a timely manner through the use of LID AR presents an 
opportunity to minimize data collection costs, while meeting the current needs ofDOTs. 
The accuracy evaluations performed in Chapter 5 indicate that LID AR data cannot 
replace photogrammetric data in the final design stages of the highway location and design 
process. In addition, the inability of LID AR to produce additional mapping products, such as 
breaklines, further limit the usefulness of LID AR data in location and design. However, 
these limitations do not entirely limit the applicability ofLIDAR data to the location process. 
The potential of LID AR in the process appears to be a supplement to photogrammetry. 
Accordingly, the use ofLIDAR data could expedite the location and design process through 
making terrain information available to designers at earlier stages of the location process. 
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Prior Use of LIDAR in Location Activities 
To improve the corridor selection process, as well as to shorten construction 
timeframes, state DOT's have examined the use ofLIDAR as a stand-alone data collection 
method. Projects in Texas, North Carolina, Minnesota, and Virginia have all examined how 
LIDAR can be utilized to expedite location and design activities (47, 48, 49, 50). While 
some projects did realize significant time and cost savings ($1.5 million dollars and 9 months 
in the case of Texas), the conclusion drawn from all of these projects was that LIDAR could 
not completely take the place of traditional methods (47). Photogrammetric data is still 
required to produce highly accurate terrain models, as well as additional data, such as 
break:lines. However, the use of LID AR in the early stages of highway location may provide 
tangible time and cost savings. 
Potential Use ofLIDAR in the DOT Location Process 
The inflexible constraints for acquisition of aerial photography (leaf-off, high sun 
angle conditions) for photogrammetry limits data collection opportunities and are frequently 
inconvenient for project task sequencing. Waiting for optimal flying conditions may create a 
backlog of projects for which tasks cannot proceed until the necessary mapping products are 
available. The Iowa DOT has proposed that advanced methods of surface mapping, such as 
LIDAR, and digital photography may be used for preliminary planning and location issues, 
limiting expensive and time consuming photogrammetric work to the final alignment 
corridor. IfLIDAR developed terrain products and digital imagery are deemed sufficient for 
planning stages, products could be delivered to planners and designers more rapidly and at 
lower costs. Once final alignment decisions are made, photogrammetric control and 
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processing can be limited to the final alignment corridor. At this scale, photogrammetric 
work could be completed in shorter timeframe at reduced cost. 
Existing Photogrammetric Data Collection Process 
Currently, the collection and production of photogrammetric data for the Iowa DOT 
process occurs during the Project/Engineering Information phase of the location process 
(refer to Chapter 4 for a description of the phase). This work occurs at about the midpoint of 
the entire location process. Once a corridor has been defined, photogrammetric data are 
ordered and a series of steps spanning months, or even years, is initiated. Refer to Figure 6.1 
for a schematic of this process. 
The first task of photogrammetric mapping is the placement of photo control. In 
some cases, existing features may be used (manholes, etc.), while in other cases, actual 
targets (fabric X's) are placed in the field. Photo control serves as a known location (X, Y) 
for which aerial photos can later be georeferenced. 
The next step is to fly the corridor and collect aerial photography of the required 
resolution. The collected imagery is subsequently developed and scanned (if hard copy 
photographs were taken as opposed to digital aerials) and converted to a digital format. This 
allows for aerial triangulation work to be performed. Aerial triangulation is the process for 
the extension of horizontal and/or vertical control whereby the measurements of angles 
and/or distances on overlapping photographs are related into a spatial resolution using the 
perspective principles of the photographs (51). 
Once aerial triangulation is completed, the photogrammetric products to be used by 
designers, namely breaklines and masspoints, can be produced. When these two products are 
combined together, they produce a Digital Terrain Model (DTM). The DTM is used to 
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produce additional products, including orthophotos, contours, and Triangulated Irregular 
Networks {TINs). 
With all of the photogrammetric products now available, designers can identify a 
final, pref erred alignment. Once the development of an alignment is approved, additional 
field surveys and photogrammetric work are performed to densify the existing network. This 
densification allows for detailed design plans, as well as accurate estimates of cut and fill 
quantities, to be made for the alignment. 
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Figure 6.1: Schematic of Existing Photogrammetric Process 
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Proposed Integration Methodology of LID AR with the Photogrammetric Process 
The existing photogrammetry process requires early collection and processing of data 
to support final design in order to avoid delays. However, only the final design stages of 
project development require the accuracies provided by conventional photogrammetric 
processing. This presents the opportunity for integrating less accurate LID AR terrain data 
into the early phases of the location process, with more accurate photogrammetric data being 
produced only for final alignments during later phases. With the use of LID AR for 
preliminary analysis, terrain data are available earlier in the process, allowing alignments to 
be identified sooner and, subsequently, photogrammetric data to be produced for a limited 
area in a shorter timeframe than would be the case for a large-scale corridor. Figure 6.2 
illustrates the proposed methodology for integrating LIDAR data with the photogrammetric 
mappmg process. 
The potential method for LIDAR integration would begin by defining a wide area 
corridor for data collection. LIDAR data, as well as supporting GPS control points, would 
then be collected and subsequently processed. Aerial photography (either digital or hard 
copy) of sufficient resolution for producing high accuracy photogrammetry products are also 
collected (either as part of the LID AR flight or separately, if environmental conditions 
dictate). Since the aerial photography without orthorectification is usually not a major 
project expense, it can be collected when possible for the entire area, with photogrammetry 
completed only for the focused final project area. Collection of aerial imagery, when feasible, 
early in the process also allows for creation of photogrammetric data for other areas should 
final alignment plans change later in the process. 
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Figure 6.2: Photogrammetric Process Supplemented by LID AR Data Collection 
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Once LIDAR data have been processed, they can be used as an input into the aerial 
triangulation process for the previously collected imagery. Triangulated imagery can then be 
used to produce breaklines. At the same time, the LID AR point data can be filtered and 
refined further to produce a bare earth DEM. When combined with the breaklines produced 
by aerial triangulation, these products would form a planning level DTM. This DTM can 
then be used to produce orthophotos, contours and TINs as necessary. While the DTM and 
its resulting products are not of the quality necessary for final design work, they do meet the 
needs of designers in producing and evaluating alignment alternatives, as well as selecting a 
final alignment. 
With the selection of a final alignment, work on final design plans can begin. Such 
plans require highly accurate terrain information, thus, photogrammetric mapping would be 
utilized. Photogrammetric data can then be produced only for the final alignment area using 
the previously collected aerial imagery. This results in significant time savings, as only a 
small area of photogrammetric mapping would be required as opposed to the large area that 
would be required for production before final alignment selection. 
The mapping of the small area corridor would begin with aerial triangulation of 
imagery only within the corridor limits. This would allow the production of additional 
breaklines, as needed, as well as a densified DTM for the localized area of the alignment. 
With these data, final construction plans, including geometric designs and earthwork 
quantities could then be produced. 
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Integration of LID AR into the Highway Location Process in Other States 
Conceptually, the highway location process is similar in all states. While the order in 
which steps may occur differs, the tasks carried out are generally the same. The following 
sections examine how LIDAR collection might be applied to the location process in other 
states that had procedures which differed from those of Iowa. 
Virginia 
For the Virginia DOT, it is possible that LIDAR could expedite the process by 
allowing preliminary location studies to begin during the Scoping and Data Collection phase 
(Step 4). During this phase, VDOT begins to identify major issues of focus in the study area, 
as well as potential problems that may need to be addressed during the project. In addition, 
necessary data (aerial photography, traffic, environmental, right-of-way, cost) are collected. 
LIDAR data collected during or prior to this phase would allow work to commence on 
creating alternative alignments based on terrain data as well as environmental and 
engineering factors, such as traffic. 
New Mexico 
At the New Mexico State Highway and Transportation Department, LIDAR data 
could be collected prior to or during the fourth step, which establishes existing conditions. 
During this step, an inventory is made of features in the field that might limit the location of 
a facility. LID AR collected and processed here would allow creation of potential alternatives 
in the fifth step to be based on terrain information as well. Currently NMSHTD does not use 
terrain information to develop alternatives until the final design stages, but during the fifth 
step they do try to avoid adverse terrain and other physical features that would require costly 
engineering solutions. 
Estimated Time and Cost Savings 
U.S. 30 
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To compare the use ofLIDAR in conjunction with photogrammetry versus using 
photogrammetry only, the Iowa DOT's U.S. 30 was evaluated. The time required to produce 
high accuracy photogrammetric products for the entire corridor (46 miles) was estimated to 
be two years. However, with LID AR, the time to collect, produce and deliver terrain data for 
preliminary location was five months, with additional photogrammetric mapping for the final 
alignment requiring eight months. The LIDAR/photogrammetry method is estimated to take 
thirteen months to produce the necessary terrain data compared to twenty-four months for a 
photogrammetry-only product resulting in a net savings of eleven months in the development 
of the project. 
In terms of financial savings, it was estimated that photogrammetric mapping for the 
US-30 corridor would cost $500,000, while LID AR data collection would cost an estimated 
$150,000. Additional photogrammetric work for narrowly defined alignment corridors 
would cost an estimated $100,000. The result is an estimated total mapping cost of 
$250,000, a savings of 50% over the estimated cost of photogrammetric mapping. 
It should be noted that the times and costs presented here were only estimates of the 
potential savings that could result from the proposed integrated methodology. 
Iowa 1 
In order to determine whether the use ofLIDAR would result in more rapid data 
collection, production, and delivery than photogrammetry for the Iowa 1 corridor, data 
collection methods were compared. Photogrammetry work had previously been completed 
for the Iowa 1 corridor and LIDAR work was completed as part of this research project so a 
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direct comparison was possible for a final mapping product. However, it should be noted 
that some of the activities associated with each method differ. 
The total time required to map the Iowa 1 corridor using photogrammetry was 2,670 
hours including creation ofbreaklines. The time to map the same corridor using LIDAR was 
598 hours. The result was a reduction of 2072 total hours when using LID AR, a savings of 
71%. 
Conclusion 
While LIDAR data is not capable ofreplacing photogrammetric data in the final 
design of alignments, it may prove useful in expediting the location process. At the same 
time, terrain information would be available to designers sooner. Initial terrain data 
collection would not be as dependent on environmental conditions (sun angle, cloud cover), 
since LID AR is not affected by such conditions in the same manner as photogrammetry. 
Aerial imagery for the study area can then be collected when feasible. This would allow data 
to be collected more days throughout the year. The increased availability of data would 
allow terrain to be analyzed earlier in the location process, allowing issues to be identified 
and addressed at an earlier time. 
It appears that supplementing photogrammetric data with LID AR data in the location 
process could save a significant amount of time and money. Using the US-30 project as an 
example, the proposed methodology could produce an estimated time savings of eleven 
months and financial savings of $250,000. Such savings, if correct, would save DOTs a 
great deal of time and money in the development of highway projects. 
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Chapter 7: Conclusions 
Advantages 
It appears that LID AR data may prove most useful in expediting the location process. 
With LIDAR, terrain information would be available to designers much sooner so 
preliminary analysis can commence. Initial terrain data collection would not be as dependent 
on environmental conditions (sun angle, cloud cover), since LIDAR is not affected by such 
conditions in the same manner as photogrammetry. Aerial imagery for the study area can 
then be collected at the same time or later as feasible. This would allow data to be collected 
more days throughout the year. The increased availability of data would allow terrain to be 
analyzed earlier in the location process, allowing issues to be identified and addressed at an 
earlier time. 
Preliminary research suggests that LID AR data is best suited for providing designers 
with general terrain information early in the location process with which to identify final 
corridors where more intensive photogrammetric work can be performed. In this manner, the 
utilization of LID AR data collection could produce time and cost savings by allowing 
expedient data collection to occur on a large corridor scale, which only limited areas being 
mapped by more time consuming and costly means. 
Disadvantages 
The research presented in this work and others has clearly shown that the elevational 
accuracy ofLIDAR data does not compare to the accuracy ofphotogrammetric data. LIDAR 
for this research were colleted with full leaf-on and the presence of row crops in the final 
bare earth datasets demonstrates that LID AR pulses are not capable of penetrating thick 
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vegetative cover and hitting the earth's surface. While the presence of vegetation may not 
pose a problem for some applications, it does pose a problem in location and design 
functions, as true bare earth representations are required for design plans. The presence of 
vegetation produces a false representation of the true elevation in the field, which could 
subsequently lead to overestimations of items like cut and fill quantities. Consequently for 
best results, collection of LID AR data should be avoided under conditions when dense 
vegetation is present. This also limits the time that LID AR can feasibly be collected but still 
offers a much wider window than photogrammetry. 
A second drawback to LID AR data collection is that it is not capable of producing 
breaklines. Breaklines represent abrupt changes in elevations (areas such as the top and 
bottom of ditches), as well as edges of pertinent features (pavement, shoulder). The location 
and elevation of such features are required when producing design plans. Due to lack of such 
information, the usefulness ofLIDAR as a stand-alone product for location and design 
functions is limited. 
Limitations of Research 
The primary limitation of this research was that the LIDAR data were collected under 
leaf-on conditions. The presence of foliage on the ground acted as "clutter", preventing 
LID AR pulses from penetrating all the way to the earth's surface. While this did allow for an 
evaluation of LID AR elevational accuracy under such conditions to be made, a more 
meaningful accuracy evaluation could have been made on data collected when vegetation 
was not present. The vendor did perform additional filtering to remove vegetation (trees and 
row crops in particular), but vegetation was still present and influenced elevational 
accuracies. The failure ofLIDAR to penetrate dense foliage suggests that such data 
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collection may be best suited to leaf-off conditions when being used in highway location and 
design applications. 
An additional limitation of this research was that the photogrammetric and LIDAR 
data were produced at different times. Ideally, the LID AR data and the aerial photography 
required for photogrammetric mapping would have been collected on the same day, and 
possibly the same flight. Instead, a two-year gap existed between photogrammetric mapping 
(1999) and LIDAR collection (2001). This gap allowed for changes to occur in the field; 
while significant terrain changes did not occur in the area, minor, less noticeable changes 
could have. Such minor changes could lead to elevational differences, subsequently affecting 
the results of accuracy comparisons. 
Future Research 
Breaklines are an essential input for highway design activities, however, it is not 
currently possible to effectively extract such features from LID AR data. Research has been 
performed in this area (Pereira and Janssen), however, the results have shown that using 
LID AR data alone to produce breaklines required further manual editing to remove slivers. 
The combination of aerial imagery (for edge detection) and LIDAR data (for terrain 
information) could be investigated as a potential methodology to address the problems 
identified in previous research. 
A second area where additional research should be performed pertains to earthwork 
quantities derived from LID AR terrain models. Presumably, the Iowa DOT will select and 
design a new bypass around the town of Solon in the future. The design of such a bypass 
will produce detailed plans, including earthwork estimates derived from photogrammetric 
products. Using the same design plans developed for the corridor, earthwork calculations 
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could be made using LID AR terrain models. This would allow for a direct comparison of 
earthwork quantities derived from the different terrain products to be made. Such a 
comparison would further assist in determining how closely LIDAR data is representing 
terrain in specific locations. 
A third recommendation is that future accuracy evaluations ofLIDAR be performed 
on datasets which are produced from collection activities that occurred at about the same 
time. This would eliminate the chance of significant terrain changes from occurring between 
collection dates. 
A fourth area where additional work should be performed is in the documentation of 
the Iowa DOT's experience with LIDAR. Since the data were delivered, no work has been 
done with it due to budget constraints. However, when work on the US-30 project resumes, 
it would be advisable to document the impressions and experiences of the Office of Corridor 
Development pertaining to their work with LID AR. 
A fifth recommendation is for research to be performed to assess the use of First and 
Last Return LID AR points in transportation applications. Such applications might include 
identifying and inventorying features (signs, structures, etc.), or determining obstructive 
features along transportation routes. 
A final recommendation for future research stems from the problems encountered 
with the presence of vegetation. While filters have been developed and are used to remove 
vegetation to create bare earth models, they do not appear to do a thorough removal when 
heavy vegetation, such as row crops, are present. It is recommended that additional 
procedures be developed that will remove such heavy vegetation. In creating such 
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procedures, the usefulness of LID AR data collected under leaf-on conditions could be greatly 
increased in the area of highway location and design. 
Conclusion 
While LID AR data may not currectly be able to replace photogrammetric mapping 
alone, it can still be used in highway location and design process. It appears the best use of 
LIDAR in such activities is as a preliminary mapping technique. The use ofLIDAR is not 
limited specifically to location and design however; a number of other possible uses for 
LID AR data can be found in the transportation arena. Further research is necessary to 
identify what these application are, and what benefits they might have for transportation 
agencies. 
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Appendix A: Iowa DOT US-30 Project Specifications 
LID AR 
GPS Control: 
Horizontal and vertical geodetic control point methodology derived from the 
Geospatial Positioning Accuracy Standards, published by the Federal Geographic Data 
Committee (FGDC). Additional guidance provided by the National Oceanic and 
Atmospheric Administration's (NOAA) Technical Memorandum "Guidelines for 
Establishing GPS-Derived Ellipsoid Heights". 
Data Post-Processing: 
• High-resolution, high-accuracy, "bare-earth" ground elevation data 
• Removal of bridge, building and other structural elevation points, as well as 
elevational data from vegetation 
• Bare-earth DEM with minimum regular point spacing of no greater than 3 meters. 
• DEM vertical accuracy validation through the use of Triangular Irregular Network 
(TIN) linear interpolation procedures. 
LIDAR Deliverables: 
• ASCII file containing the bare-earth ground elevation point data collected in the 
project coordinate system. 
• Microstation file containing the bare-earth ground elevation point data in the project 
coordinate system. 
• Two foot contour interval for the entire corridor produced by DEM point spacing of 3 
meters or less with a vertical accuracy of 15 centimeters. 
Digital Orthophotography 
Digital Elevation Model: 
• DEM created from LIDAR data 
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• Capability of supporting a 2 foot contour interval 
Orthophoto Mosaic: 
• Orthophotos generated with a pixel size of 0.5 feet from photography flown at an 
altitude of higher than 3000 feet 
• Uniform, seamless mosaic image with common tone throughout 
• Mosaics georefferenced in TIFF format and provided on CD 
Deliverables: 
• Original aerial negative film in 250 foot rolls 
• One set of paper mini-prints ofevery flight strip in properly assembled order 
• Scanned 9x9 images on CD 
• Digital orthophotos on CD 
• Aerial Triangulation report 
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Appendix B: Iowa 1 Photogrammetry Specifications 
Source: Iowa Department of Transportation (DOT) Agreement for Professional Services 
Photogrammetric Services 
Orientation Meeting 
Photogrammetric personal at the DOT familiarize the consultant with the project 
location and mapping requirements. 
Photo Control Selection 
For the Iowa 1 corridor, natural targets (ex. manhole covers) were selected to serve as 
horizontal and vertical photo control. Selected objects were required to be imaged in 
overlapping photos and had to be of a size, nature and frequency to meet specified accuracy 
requirements. 
Aerotriangulation 
A minimum of three pass points along the "Y" axis were used to tie any three 
successive photographs to a strip. Strip adjustment was performed with all control point and 
pass point coordinates adjusted to the ground coordinate system and corrected for systematic 
and gross errors. These adjustments were to be made until the variance for the horizontal and 
vertical control did not exceed 15 centimeters. A copy of the final strip adjustment and all 
adjusted coordinated was to be delivered to the Iowa DOT (ASCII format). The triangulation 
report for the project was specified to include: 
109 
• Project number 
• Project description 
• County 
• Photo control coordinates 
• Adjusted pass point coordinates 
• Final results of adjustment 
Digital Terrain Model (DTM) Generation 
The DTM to be generated for the Iowa 1 corridor was produced from aerial 
photography collected at an altitude of 2000 feet. The compilation of break:lines and 
masspoints at an approximate spacing of 25 meters from these data was specified. It should 
be noted that this spacing was dependant on terrain and a closer spacing might have been 
necessary in some areas to adequately represent the surface. Breaklines were defined to 
include shoulder edges, tops of banks, edges of water, toe/top of slope, and the tops of ridges. 
Breaklines were to be separated from one another by a minimum distance of 2 centimeters, 
and they could not cross. Additionally, the contract specified that DTM data be compiled for 
a minimum distance of 150 meters on each side of the mainline (roadway) and sideroad 
centerlines of the proposed improvements, or to a specified distance. 
Digital Mapping 
Ninety-five percent of planimetric features (edge of pavement, edge of shoulder, 
bridges, culverts, etc.) which are well defined in photographs were to be plotted so that their 
final position was accurate to within 60 centimeters of their true location for 1: 1000 and 
1 :500 scales. For 1 :250 scale, the accuracy of these features was to be within 30 centimeters. 
These accuracies were to be determined by test surveys. 
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Contours 
For the Iowa 1 corridor, one-meter contours were specified. 
Digital Orthophotography 
Production of digital orthophotos using the aerial photography collected for the 
project was requested of the vendor. The film scanned to produce these digital images was to 
also be provided to the Iowa DOT. 
Projection 
All data were projected in the Iowa State Plane South coordinate system. The 
horizontal datum was NAD83, and the vertical datum was NA VD88, with units in meters. 
The geiod model used was GEOID96. 
Deliverables 
The following items were to be delivered by the vendor for the Iowa 1 corridor 
mapping project: 
• Aerialtriangulation report 
• Microstation files of: 
o Breaklines and masspoints 
o Planimetric features 
o 1 meter contours 
• Digital Orthophotos 
• Diapositives marked with pass points and photos marked with control 
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Appendix C: Iowa 1 LIDAR Specifications 
On October 5, 2001, LID AR data for the Iowa 1 corridor which previously mapped 
using photogrammetry was collected. On October 19, 2001, 1-meter resolution digital 
images were collected for the same area. Both flights occurred before the fall harvest was 
completed resulting in a leaf-on representation of terrain in some areas and a leaf-off 
representation in others (where harvesting activities had occurred). 
Flight Characteristics 
The laser unit utilized fired at a rate of 4000 pulses per second and scanned across the 
aircraft's flightpath. Additionally, GPS and Inertial Measurement Unit (IMU) data were 
collected to record the aircraft's position, as well as it's roll, pitch and yaw at the time each 
pulse was fired by the laser. 
Projection 
All data were projected in the Iowa State Plane South coordinate system. The 
horizontal datum was NAD83, and the vertical datum was NA VD88, with units in meters. 
The geiod model used was GEOID96. 
Deliverables 
• Digital Elevation Models in ASCII format consisting of randomly spaced easting, 
northing and elevation (X, Y, Z) points for: 
o First Returns 
o Last Returns 
o Bare Earth (structures and vegetation removed) 
o Gridded DEM consisting of 5-foot postings. 
• 1-foot resolution digital orthophotos 
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Appendix D: Iowa 1 GPS Specifications 
In April of 2002, an outside consultant was hired to collect 177 GPS points at various 
locations throughout the study corridor to validate the accuracy of both the LIDAR and 
photogrammetry datasets. The following is summary of the collection specifications. 
Equipment 
A Real Time Kinematic Total Station unit was used in the collection of GPS point 
information. The specific unit used had a horizontal accuracy of 10 millimeters and a 
vertical accuracy of 20 millimeters. 
Projection 
All data were projected in the Iowa State Plane South coordinate system. The 
horizontal datum was NAD83, and the vertical datum was NA VD88, with units in feet. The 
geiod model used was GEOID96. 
Deliverables 
• 1 77 XYZ GPS readings in ASCII format 
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